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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 modetkd hys-@imensional hard spheres
that deposit sequentially at random positions ontbdimensional substrate. A particle is considered irrevers-
ibly adsorbed if it lands directly on the surface. If the particle instead lands on a previously placed patrticle, it
will do one of three thinggdepending upon the extent of “overhang” with respect to the surface or to the
contacting particlg 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.
[S1063-651%98)03409-9

PACS numbg(s): 81.15.Lm, 68.10.Jy, 82.20.Mj, 05.20y

[. INTRODUCTION to the usual geometrical lattice constraints, a drawback is
that overhangs resulting in surface screening are neglected in
The deposition of macromolecular building blocks, suchthese works. Continuum descriptions of multilayer particle
as colloids and proteins, from solution onto a solid substrateleposition include irreversible adsorption modéighere
provides an alternative methatb vapor deposition and self- particles adhere immediately upon contacting the growing
assembly techniqugsf the formation of thin film materials. interface and ballistic rolling model$where particles roll to
This route offers several potential advantages such as simpl@r gravitationally stable position Simulation and approxi-
deposition conditions, structural control over larger lengthmate theory are used to understand the structure and kinetics
scales, and the possibility of greater yield. Currently, minia-of these deposition processds—21].
ture multifunctional biosensorsl—3], high-temperature su- In this paper we present a general model of irreversible
perconducting thin film ceramic materig]d,5], and high-  multilayer macromolecular deposition that incorporates all
resolution cathode ray tube coatings-8] are all fabricated three of the possible events that can occur when a particle
by particle deposition techniques. contacts an interfacial region: adsorption, desorption, and
To design, optimize, and control protein and colloid depo-rolling. The extent of overhang of the (d+ 1)-dimensional
sition processes, a knowledge of the kinetics of the growttspherical particle over the@-dimensional surfacésurface
process and their relation to the density and structure of theverhang or over the contacting particlgarticle overhany
film is required. Film density and structure clearly affect thedetermines which of these events will take place. Overhang
physical properties of the resulting material. A predictiveamounts are compared to an adsorption param®tend to
knowledge of these properties in terms of the deposition cona rolling parameteb, (6;<6,). If §<8;, then the particle
ditions would allow for the rational design of alternative pro- adsorbs irreversibly. 16, <6< ,, then the particle desorbs.
cesses for making different materials of specific physicalf §>6,, then the particle rolls over the contacting particle
properties. and, provided no blockage from previously placed particles
For this reason, significant effort is being made to develoccurs, positions itself irreversibly onto the surface. If the
simple yet realistic models of the multilayer deposition pro-path is blocked by at least one other particle, the rolling
cess. Kardar, Parisi, and Zhang neglect the particulate natuparticle desorbs. These events are depicted in Fig. 1.
of the deposition building blocks and model the growing The rationale behind letting the extent of overhang deter-
interface using a nonlinear Langevin equat[®). This ap- mine the subsequent event is as follows. In experimental
proach, although better suited to describe vapor depositiosituations, particles landing directly over other particles will
processes, is successful at predicting computer simulatiolikely have a greater degree of contact and thus are likely to
results of large particle depositidi0]. Lattice models of adsorb. Similarly, those with a large overhang will have a
multilayer deposition have the advantage of accounting folesser degree of contact and since deposition is often induced
particulate macromolecular building blocks and are ofterby gravity or an applied field, the particle is likely to roll and
simple enough to treat analytically. Privman and co-workersontinue descending. The choice of surface or particle over-
[11-15 and otherd 10,16 use exact and mean-field theory hang rules will depend on whether particle-surface or
along with simulation to determine the kinetics and scalingparticle-particle interactions are thought to be more impor-
behavior ofk-mers adsorbing onto a linear lattice. In addition tant. Through careful choice af; and 6,, one can perhaps
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Yy | 81=0, 82=1 => random sequential adsorption (single layer)

3 (patticle overhang) /

§1=1, 82=1 => irreversible multilayer
adsorption

3 (surface overhang) 0,

81=0 , 82=0 => ballistic deposition (single layer)

b) )

8 < 3;=>Adsorption 8< 8 < §,=>Desorption 8>62=> Rolling o
o o ® FIG. 2. Region of available parameter space and the positions
* ® that correspond to models introduced previously, including random
I/ sequential adsorptiofl22—26, ballistic deposition[27], and irre-
\\ versible multilayer adsorptiofil7—19,28.

tet'—g ot
F(t)=t%ex 2(1—52)(1—e‘t)+2J ——dt’|.

FIG. 1. (a) Depiction of surface and particle overhangb) 0 t

Schematic of the three possible events that can occur when an in- (©)]

coming particle contacts a previously placed particle. . i ) . .
The time evolution of the number density of particles in

mimic most experimental situations. the first layerp(t) is related to the gap density function as
The remainder of this paper is organized as follows. In Io(t .

Sec. Il we _g.ive a.theoretical treatment of one-dimensional ﬂzf (h+1-268,)G(h,t)dh. %)

(1D) deposition with surface overhang rules. We then de- at 1

scribe, in Sec. lll, the simulation techniques used to investi-

gate multilayer deposition in higher dimensions and/or depoThe density of particles in the first layer is then
sition when particle overhang rules are used. Results .

concerning the influence of screening and restructuring on p(t):f [1+(2—28)t']

the density and structure of the growing interface are given 0

in Sec. IV and we finish with a discussion and conclusion in

. V. ,
Sec Xexp{—(2—252+251)t’+2(1—52)(1—e“ )
Il. THEORY
v e U= — 51"
The time evolution of the surface-contacting layer in this +2J —— dt"|dt’. (5)
model may be determined analytically in one dimension 0 t

when overhangs are measured with respect to the surface.

This is done by introducing the gap density funct®th, t), We pause for a moment to consider some limiting cases

of Eq. (5). When ;=0 andé§,=1, the model reduces to the

defined such thaG(h,t)dh is the density of empty, un- * X .
shielded segments of the surface of length betweandh simple random sequential za.dsorpnon.m_om—ZQ.._When
= §,=0, we recover the simple ballistic deposition model

+dh at timet. For particles of unit diameter depositing at a 1= B X ; .
unit rate, the following integro-differential equation de- [27) When 5,=1, we recover the irreversible multilayer

scribes the time evolution of the gap function for 1: deposition mode(without rolling) [28]. When 6,=0 and 0
<6,<1, a generalized ballistic deposition process is recov-

dG(h,t) ered. Figure 2 shows the occurrence of these limiting cases
—r — [h+142(6,-8,)]G(h,Y) in parameter space.

* lll. SIMULATION

h+58;
+2f G(h’,t)dh’+2f G(h’,t)dh’
h +1

h The model presented here can be evaluated in all cases by
+2(1-8,)G(h+1}). (1)  humerical simulation. In one dimension, disk-shaped par-
ticles of unit diameter adsorb at a unit rate onto a line of
The corresponding equation fbr<1 can also be obtained, lengthL=256. The line is divided into bins of unit length
but is not needed for the analysis presented here. Assuming(there are thus 256 bipsTo place a particle, a random po-
solution of the formG(h,t)=F(t)e ["*172(01=%)]t 'Eq (1)  sition is chosen on the line. The verticat)(positions are
reduces to the ordinary differential equation calculated of hypothetically placed particles in contact with
each of the previously placed particles that hav@sitions
(i) in the bin containing the chosen position(@y in one of
the two neighboring bins. The particle is placed in the posi-
tion that is furthest from the liné.e., the one with the high-
whose solution is given by estz value. Next, the surface or particle overhang is deter-

e t_g dut

F'(t)=2F(t) +2(1-6,)e! 2

t
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FIG. 3. Density of particles in the lowest layer as a function of  FIG. 4. Saturation density of particles in the lowest layer as a
time calculated via Eq5) at (a) 6;=0.25 and(b) 6,=0.75. Depo-  function of (a) 6, and(b) &, as calculated by Eq5). Deposition
sition events are dictated by surface overhang rules. events are dictated by surface overhang rules. Also shov) ere

lines representing the saturation density of random sequential ad-
mined. If this is less tha@,;, then the particle remains in its sorption (dotted ling [22] and ballistic depositior(dashed ling
position for the remainder of the run. If the extent is betweer 27].
61 and 8,, then the particle is removed. If it exceeds, all
particles in the bin containing the chosen position and théeads to more particles reaching the surface via the ballistic
two bins to the rolling side are checked for blocking of amechanism. This is a very efficient means of covering the
vertical path to the surface. If none block this path, the parsurface as it does not result in gaps too small to be occupied
ticle is placed on the line a unit length away from the con-py additional particles.

tacting particle(in the x direction. If the path is blocked, the In Fig. 5 we also show the saturation surface densities
particle is removed. Note that in this model, rolling over calculated using numerical simulation of our model with par-
more than one particle is not allowed. ticle overhang rules in one and two dimensions. We note that

In two dimensions, sphere-shaped particles of unit diamwhen eithers; or &, is unity, both surface and particle over-
eter deposit onto a plane of area 26866. The simulation hang rules lead to the same surface densities. For other val-
proceeds as in the 1D case with all nearest-neighbor binges, particle overhang rules yield a higher surface density
checked to determine theposition of a depositing particle due to decreased surface screening by upper layer particles.
and all nearest- and next-nearest-neighbor bins checked fQye also note that in two dimensions, the densitiesich, in

the blocking of a rolling particle. reduced units, are just the projected fractional surface cover-
ages are lower due to less efficient filling.
V. RESULTS We show the density of particles in higher layers as a

function of time in two dimensions in Fig. 6. We note the
In Fig. 3 we show kinetic curves for the first layer density presence of peaks that correspond to particles in distinct lay-
in one dimension using surface overhang rules as calculatests. Whend,; = &,=1, all particles adsorb irreversibly upon
by numerical integration of E(5) for various values of;  contacting the growing interface. In this case, the density
and §,. We note that saturation is reached quite rapidly,oscillations dampen for distances greater than about four par-
usually in just a few time units. We show the saturationticle diameters(This special case was previously studied in
values as functions of these parameters in Fig. 4. We notRef.[19].) If &, is reduced to 0.75, meaning that overhangs
that the saturation densip(>) is larger for smaller values of greater than this value will result in desorption, more pro-
&1 and &,. A small value of§; causes a reduction in the nounced oscillations result that persist to distances greater
number of overhanging particles leading to a greater numbehan eight particle diameters. This is due to particles stacking
of particles that can reach the surface. A small valugsof more or less on top of each other. This should also lead to a
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FIG. 5. Saturation density of particles in the lowest layer as a  FIG. 6. Density of higher-layer particles as a function of height
function of (a) 6, and(b) &, as calculated by Monte Carlo simula- above the surface in two dimensions for different valuesoénd
tion. Deposition events are dictated by particle overhang rules. Ones, . Deposition events are dictated by particle overhang rules.
and two-dimensional results are shown.
6, vary between 0 and 1, one obtains a generalized mono-
lower asymptotic density. Most importantly, this shows thatlayer deposition model that allows for ballistic rolling for
relatively small changes in the parameters of this model caguperthreshold overhangs.

lead to greatly differing interfacial structures. When 6,>0, multilayer deposition becomes possible. In
the case ob;= 6,=1, all particles adsorb irreversibly upon
V. DISCUSSION contacting the growing interface. This model has been con-

sidered previously17—19 and is especially significant be-

Two important features of any multilayer deposition pro-cause an analytical solution is available even in higher di-
cess are screening and restructuring. Screening is the shielghensions[28]. By keeping 8,=1 and letting §; vary
ing of empty (availablg surface by particles in the upper, petween 0 and 1, one recovers the multilayer deposition
nonsurface contacting layefrsee Fig. 1a)]. A high value of  model reported recently by Van Tassel and \i28]. Fi-
the parametew; in our model promotes screening by in- npally, when §;=4,, one has the generalized model of
creasing the extent to which a particle may overhang anothenultilayer adsorption with rolling. These special cases are
particle; this is seen to decrease the number of particles thghown in Fig. 2. We further note that whearc1/5;, the
reach the surface. Restructuring is the movement of particlegensity evolves as if the deposition process would be a
following contact with the growing interface. In our model, monolayer procesfsee Eq.(5)]. Thus it is only after a suf-
restructuring is limited to the period of time immediately ficiently long time that the two processes can be distin-
following contact and occurs only if a vertical path is openguished from one another. Consequently, experiments where
for deposition directly onto the surface. A lower value&®f  multilayer formation is weak may accurately be modeled us-
in our model promotes restructuring; this is seen to increasihg a monolayer approach up to a considerable length of
the number of particles that reach the surface. time.

The generalized multilayer deposition model presented |n this work we report primarily data on the lowesur-
here reduces to previously studied models for certain valuegice contactinglayer, for which, in certain cases, an analyti-
of the parameters; and §,. When8,=6,=0, all deposit-  cal treatment is possible. This layer is especially important
ing particles either roll to the surface or, if space is unavail-becausdi) it may be the most strongly adsorbed and there-
able, desorb. This is just the monolayer ballistic depositiorfore survive a subsequent rinsing step &ingit surely influ-
model introduced by Talbot and Rid@7]. Whens;=0 and  ences the structure and density of higher layers. For example,
8,=1, all particles that do not directly contact the surface aravhen §;<3, only one particle may adsorb onto a given pre-
removed and the monolayer random sequential adsorptioviously placed particle. In this case, we find the structure of
model is recoverei22—26. By keepingd;=0 and letting  the interface to be chainlike, with each nonsurface contacting
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particle contacting one particle from below and at most oneaules that allow for the possibility of adsorption, desorption,
from above. The average density above the surface can land ballistic rolling. In the case of one dimension and surface
approximated by the average separation in zh@ertical) overhang rules, the density of particles in the lowest layer is
direction of two contacting particles. One can show that thiscalculated analytically. Numerical simulation is used in other
density is 2, /[sin"! &+ 6,(1—8)?] times the surface cases and to determine the density of particles above the
density in one dimension and§$l[2—2(1— 5%)3/2] times  surface. Previous monolayer deposition models, such as ran-
the surface density in two dimensioffer unit diameter par- dom sequential adsorption, ballistic deposition, and multi-
ticles). This amounts to an upper bound on the actual densitjayer irreversible adsorption are special cases of this gener-
since for a finite height above the surface, some of the chainglized model.

will have terminated due to crossing by othépbngen
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