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Nonlocal effects associated with shading in surface growth

H. Ketterl* and W. E. Hagston
Department of Applied Physics, University of Hull, Hull HU6 7RX, United Kingdom

~Received 5 November 1998!

A Monte Carlo simulation of a solid on solid~SOS! model for surface growth that includes nonlocal effects
associated with shading is undertaken. The results are analyzed and compared with those resulting from a
nonuniform distribution of particles but with no shading. This leads us to suggest that the effects of shading
can best be modelled by a spatial and temporal nonuniform flux deposition term, as opposed to the alternative
suggestion that shading could be modeled as a correlated noise term.@S1063-651X~99!05903-6#

PACS number~s!: 68.35.Ct
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I. INTRODUCTION

There is a wide range of mathematical models@1,2# for
surface growth but comparatively little work has been carr
out on the nonlocal effects@3# associated with shading
These effects can arise in deposition processes as a res
atoms arriving at oblique angles of incidence to the grow
surface, as a consequence of which one column can pre
another column from growing because it is being ‘‘shade
by it. The surface in the mathematical model is characteri
by a heighth varying over ad-dimensional substrate of siz

L. The roughnessw(t,L)5Ah22h̄2 can often be repre
sented by a dynamical scaling law,

w~ t,L !;La f S t

LzD , ~1!

where f (x)→constant forx→` and f (x);xb, b5a/z as
x→0. The exponentsa, b, andz determine which universal
ity class the given model belongs to. The models conside
in the present paper are derived from the random depos
~RD! model, where a particle is released at a random
above the surface. The height of the column beneath
released particle is increased by one unit. For such a modb
is 0.5,a andz are not defined and the surface width clim
monotonically with the time.

II. SIMULATION METHODS

In the model of random deposition with shading~RDS! a
particle is released from a random position along a l
source~Fig. 1!. It moves towards the~two-dimensional! sub-
strate along a path defined by two parameters. These
~random! azimuth and elevation angle. The average eleva
angle can be adjusted by theY andZ offset of the line source
The length of the line source and the size of the substrate
be varied. If the moving particle reaches the surface it sti
to the top of the column it hits. However, if it hits the side
a column it slides down until it reaches the top of the colu
beneath it~i.e., unlimited vertical motion!. Depending on the
input parameters of the program various surface relaxa
processes can also be included. For example, after the
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ticle reaches the surface it can make a certain numbe
hops with probabilites determined by the surroundings of
particle. There are two different types of hops:~i! sliding
this allows the particle to make nearest neighbour hops w
given probabilities without changing to a different layer
the growing surface;~ii ! dropping this gives the particle the
capability of dropping with a certain probability from it
present layer to a site of lower height~upward motion is not
permitted to occur!.
Depending on its surroundings~i.e., how many neares
neighbors with lower/equal height!, the various possible
movements are weighted and the actual movement is
lected randomly. After one particle has completed all of
possible movements the next particle is released.

III. RESULTS AND DISCUSSION

Our simulations are usually carried out on a substrate
35335 lattice sites and averaged over many simulations w
different random numbers. For small angles the descri
mechanism of releasing the particles by random position
random angle from a line source gives a highly non unifo
distribution of particles. In view of this we also considere
just for comparison, a related model called random dep
tion from a line source~RDL!. This model releases particle
from a linesource just as in RDS. The position where
particle would hit the substrate is then calculated~ignoring
any columns in its ‘‘path’’! and the height of that column i
increased by one. This excludes shading. Figure 2 shows
distribution of particles along theY axis. With theY offset

.
FIG. 1. Macroscopic picture of the model.
2707 ©1999 The American Physical Society
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being one lattice site for aZ offset of 30 000. Figure 3 show
the surface width over time for different average angles
incidence resulting from a higherY offset for both RDL and
RDS.

It is clear that RDL gives a larger surface width than R
and that RDS gives an even larger width. For RDS, Fig
shows the width over time for different angles of incidenc
The fact that RDL gives a series of curves intermediate
tween pure RD and RDS with a functional form similar
the RDS curves is suggestive of the fact that the latter ca
modelled by a term of this type, i.e., a nonuniform flux ter

If we now allow surface relaxation we get different resu
depending on the number of hops that are permitted to oc
This is shown in Fig. 5. It is an important result and sho
that surface relaxation can overcome the effects of shad

We will now discuss briefly the question of shading a
how it can be incorporated into the analysis. To this end
consider first the case of pure RD but with a nonunifo
distribution of the particles. In this case the starting equat
has the form@1#

]h

]t
5F~x!1h, ~2!

whereF(x) represents the uneven flux distribution andh is
the noise term. Placing

h5h81Ft ~3!

gives

FIG. 3. Random deposition from a linesource~RDL!. Elevation
angles are given in degrees~deg!.

FIG. 2. Distribution of particles along theY axis.
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]h8

]t
5h. ~4!

One can then readily solve the equations for the aver
value of bothh andh2, i.e., ^h& and^h2&. Assuming that the
noise term has the standard correlation function and plac

k15^Fh&,

2k25^F2&2^F&2

shows that the interface widthw(t) satisfies

w2~ t !5At21Bt, ~5!

where the second term on the right-hand side comes from
noise term and the parameterA is given by 2(k11k2).

Since RDS at an incoming angle to the normal of t
surface of 0.04° is equivalent to a nonuniform distribution
particles, and as the effects of shading at such an angle
anticipated to be small, we would expect RDS at such l
angles to satisfy the above equation. As discussed below
is found to be the case.

In order to extend this analysis to incorporate the effe
of shading we develop a simple model. This is best appr
ated by reference to Fig. 6, which is a schematic represe
tion of an attempt to mimick the effects of shading by mea
of a time-dependent nonuniform distribution of the incide
particles.

They axis represents the flux and thex axis the length of
the substrate. Initially~at t50! the flux is a constant
(5C0) over the whole of the substrate.~In our earlier mod-

FIG. 4. Different angles of incidence~RDS, no hops!, as
for Fig. 3.

FIG. 5. Different number of hops~RDS, 0.04 deg!.
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els for RDS we know that this is true to a good approxim
tion, once the angle of inclinationu.1°.! Thus the total
number of ‘‘particles’’ as represented by the area under
‘‘curve’’ is given by N5C0L, whereL is the ‘‘length’’ of
the substrate. With increasing time~i.e., t.0! the lineC0A
is ‘pivoted’ about its mid-point and its ends extended in su
a manner that they move along the axis 0y ~from C0 to C! or
the lineAB ~from A to A1!. In this manner, as should be cle
from the figure, the area under the curve~i.e., CA1! remains
constant atN ~i.e., the total incident flux is kept constan
throughout the growth process!. We will now evaluate the
effects of such a time-dependent nonuniform flux distrib
tion.

If we place C5C01atg then the flux distributiony is
related to the positionx by

y52mx1C ~6!

with

m5
2

L
~C2C0!5

2

L
atg. ~7!

For such a situation the starting equation has the form

]h

]t
5F~x,t !1h, ~8!

where

F~x,t !52
2

L
atgx1C01atg. ~9!

We define an entityg(x,t) such that

]g~x,t !

]t
5F~x,t !. ~10!

Hence, by placingh5h81g we find

]h8

]t
5h. ~11!

FIG. 6. Model for shading.
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Note these equations are valid for all pointsA1 along the
line AB and will hold up to the pointA15B. The timet
taken to reach this point is given byt5(C0 /a)1/g. Straight-
forward solution of the resulting equations for the time inte
val 0<t<t lead to the result that

w2~ t !5A1t2~g11!1B1t, ~12!

where the second term on the right-hand side comes from
noise term and the parameterA1 is given by

A15
a2

3~11g!2 . ~13!

~Note, in relation to a line source, that botha andg could, in
principle, be angle dependent.! A comparison of Eqs.~5! and
~12! shows that they are functionally the same, i.e., supe
cially Eq. ~5! looks like a special case of Eq.~12! in which
g50. However, the mathematical conditions governing th
validity are not the same, a feature of particular relevance
the values of the prefactors that occur in these equat
~e.g.,A andA1!. The results in Fig. 4 at angles of 5, 10, 2
and 40 degree all satisfy Eq.~12! with the same value ofg
50.25. It is also found that the parameterA1 is directly
proportional to the angle~e.g., within experimental error, th
relative values ofA1 areA150.05, 0.1, 0.2, and 0.4 for 5, 10
20, and 40 degree angle of incidence, respectively!. Consul-
tation of Eq.~13! then shows that the parametera is propor-
tional to the square root of the angle. This serves to sh
that the concept of describing the effects of shading~a ‘‘non-
local’’ phenomenon! in terms of a time-dependent nonun
form deposition function appear to be valid.

IV. CONCLUSION

We have shown that the effects of shading on the surf
width can be reproduced by introducing a spatial and a te
poral nonuniform deposition flux term. Such an approach
to be contrasted with the alternative possibility that shad
could be modelled by a correlated noise term.

Our results also show that the interface width shows
sign of saturation unless the number of hops is permitted
be large~as is apparent from Fig. 4 and 5!. With an increas-
ing number of such hops we ultimately move to layer
layer type growth~see Fig. 5!. These conclusions are i
agreement with those reached in an earlier paper, wh
shows that the very concept of universality classes~e.g., the
value of the growth exponentb! is determined by the num
ber of hops that are permitted to occur.
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