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DECOMPOSITION KINETICS AND PATTERNS FORMATION DURING BINARY
ALLOY CO-DEPOSITION AT HIGH DEPOSITION RATES

Monte Carlo simulation of binary alloy co-deposition was revisited for high deposition
rates and/or low diffusion rates. Deviations from the “classical” power-law dependence of the
steady-state domain size (characteristic length) on deposition rate were obtained. The
simulation results were compared with those of the developed semianalytical model.
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1. Introduction.

The co-deposition of two species from the vapor phase with simultaneous
decomposition within the surface and subsurface layers is a technologically important and
physically interesting process accompanied by the formation of various patterns, including
modulated structures. Such structures open vast opportunities in material design for energy
transformation and storage and enable the design of functional devices with large excitonic
effects, bandgap modulation, indirect to direct bandgap transitions, piezoelectricity, etc. [1-6].
Thus far, the co-deposition of two components from the vapor phase has been studied mainly
by the phase-field method [3-4] or by the artificial Monte Carlo (MC) method simulating the
exchanges of whole atomic blocks instead of atoms [7]. In this study, we are shifting our
attention to the scale of individual atoms deposition. We will limit ourselves to simplified
models of epitaxial deposition on a rigid lattice with coherent interfaces between the phases
formed during decomposition, which proceeds simultaneously with co-deposition. Even under
such restrictive constraints, the description of phase separation during deposition remains
difficult. We will see that the observation of phase separation at the atomic scale requires a high
deposition rate and/or a very low diffusion rate. Even if the film geometry remains planar, both
of these tendencies lead (as we will see) to significant deviations from “classical” relationships
between separation length and “deposition-rate-to-diffusion-rate-ratio”. Here, we describe four
MC models. Note that in three of these four MC models, the bulk diffusion is treated as
completely or almost frozen. Therefore, we do not study here any competition between
“vertical” and “lateral” and random concentration modulations (VCM, LCM, and RCM [3,4]):
all modulations are “vertical” in our simulations. Only once we include the possibility of
exchanges with one atomic plane below (Model 4) and study how this “small” variation of the
algorithm may change the dependence of the characteristic length on the deposition rate.
Moreover, the characteristic size should depend not only on the deposition rate, but also on the
ratio of the deposition rate and surface interdiffusion coefficient. Intuitively, this dependence
should be inversely parabolic, A>~D/Vgep[1]. We demonstrate that in all models, the deviations
from this intuitive dependence increase with increasing Vaep / D and also with increasing ratio
Emix/kBT.

In Section 2.1, we discuss the constraints implied in our MC models, taking into account
both the “classical” Movchan-Demchishin criteria [8] for single-component thin film structures,
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as well as the peculiarities implied by surface-diffusion-controlled phase separation during the
co-deposition of two components. In Section 2.2, we discuss the main alternative algorithms
for Monte Carlo co-deposition models.

In Section 3.1, we attempt to understand what changes in the phase separation kinetics
may be expected in the case of separation mechanism modifications (using the Atzmon-
Srolovitz model [7] as an example). In Section 3.2, we trace the evolution of the characteristic
sizes with the deposition time and the corresponding film thickness for various MC models.
This evolution always tends toward an asymptotic magnitude. In Section 3.3, we determined
the dependence of the asymptotic characteristic sizes on the surface-diffusion-to-deposition
ratio. In Section 4, we explain the simulation results using a semianalytical model of co-
deposition.

2. Methods and Models

2.1. Characteristic parameters of co-deposition.

In the case of single-component deposition from the vapor phase, the thin film structure
is determined by the substrate homologous temperature (with correction due to energy
dissipation by the arriving atoms), vapor pressure, deposition rate, and/or normalized energy
flux [8-11]. In this study, we considered regimes corresponding to active surface diffusion,
frozen bulk diffusion, and columnar or cone-shaped grain structures.

The simultaneous deposition of the two species implies additional constraints on the
physical parameters. It should be noted that polycrystalline binary alloys, in principle, may
contain boundaries of two basic types between grains: 1) abrupt change in crystallographic
orientation — large-angle grain boundary; 2) abrupt change in chemical composition, which may
be accompanied by a coherent grain boundary (in the case of spinodal decomposition) or a usual
large-angle boundary. The interplay between these two possibilities is complex. In this study,
we treated phase separation with a coherent inter-phase interface within the same grain. To
avoid complications with distinguishing boundaries between grains with different
crystallographic orientations and coherent interfaces between different phases within the same
crystallographic grain, we modeled (in this study) the formation of an epitaxial monocrystal
with simultaneous separation of components within this monocrystal. A similar case of
decomposition was obtained by Karczewski et al.[12] during the co-deposition of PbTe/CdTe
heterostructures using molecular-beam epitaxy (MBE). In addition, columnar nanopatterns with
coherent interfaces (at least at the initial stage) of the Mn-rich phase were obtained during the
MBE growth of Ge-Mn thin films [13].

We simulated the co-deposition of a binary alloy of fixed composition with positive
mixing energy with the FCC-lattice on the FCC-substrate with orientations (001) and (111). (In
our case, we introduced only nearest-neighbor interactions, and for these interactions, the

mixing energy per A-B-bond, E,,;x = ¢ — % was taken from 0.2 kT to 3.0 ksT.) Due

to positive mixing energy, the atoms A and B prefer to form A-clusters and B-clusters just after
deposition as long as they are not “buried” and keep mobility during deposition. This time of
atoms enhanced “mobility” (with surface interdiffusion coefficient D) within a surface layer of
nanometric thickness & under deposition with velocity Vy,,, is approximately §/Vg,,, . During
this time, the atoms may be separated by a distance of about

Adies = D 8 /Viep (1)

so that
)\diffZVdep = const, or
InAgier = 0.5 In(1/Vygep ) + const (2)
dndaitt _ — .5, 3)

n = ——mmmee—--
din(1/Vgep )
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We emphasize that the length parameter A4;¢ characterizes the maximal, but not the
actual, separation distance. For example, if the deposition is slow, it is possible (at least at some
transient stage) that the newly formed clusters of the minority phase will not only suck out the
extra solute atoms from the surrounding majority phase, but will also have some time for
ripening/coarsening (growth of larger clusters at the extent of smaller clusters via the majority
phase considered within mean-field approximation in the ripening models). However, if the
deposition rate is high and the time for surface diffusion is small, one might expect large
supersaturation in the surface layer, resulting in the nucleation of a large number of supercritical
nuclei and insufficient time for their growth and coarsening. Of course, notions of “high” or
“low” deposition rates are relative. At least two non-dimensional parameters can be introduced,
including the ratio of the deposition rate and surface interdiffusion rate.

First one is

vy = e, (4)

The case of v;=1 corresponds to A4 = & (thickness of surface diffusion zone — about
or less than one nanometer). Intuitively, this implies a very high deposition rate and/or a very
slow diffusion rate (cold substrate). Higher deposition rates or lower diffusion rates may lead
to amorphization, which we did not consider in this paper). Therefore, our regimes correspond
tov; K 1.

Second non-dimensional characteristics of the “deposition rate to diffusion rate ratio”
may be important in the case of curved interfaces between separating phases (for example, rod-
like geometry of minority phase). In this case, it is natural to introduce one more important

characteristic length determined by the Gibbs-Thomson effect, Acapitiary = YQ/kBT' Here, vy is

the interface tension between the resulting phases after decomposition and Q is the atomic
volume. So, we naturally get the non-dimensional parameter

% _ __ Acapillary __ YQ (Vdaep _  vQ
X =V = s kT \f D§ kBTs‘/v_1 )
In the case of a regular solution model with low mutual solubility, the surface tension
between the A-rich and B-rich phases may be evaluated as y~ % for the (001) orientation

of FCC Z, should be 4. The surface layer may be evaluated as a lattice constant, §~a. Thus, for
Emix/ksT, the non-dimensional parameter

4E
X* — v2~ mix vl.
kgT V

In most studies, the case x* <« 1 is considered. Indeed, if the separation distance Ay
is of the order of hundred nanometers [2], and Gibbs-Thomson capillary distance is typically
less than a nanometer, one gets x* « 0.01. In our simulations, this is not the case - it can be of
the order of unity, or even larger, because, as we will see below, in our simulations A4;¢ can be
a few atomic distances (one or a few nanometers), so that x* may indeed be about unity.

We expect that the variation of parameter x* = v, within a broad range (by changing
Emix/ks T and the number of Monte Carlo steps (MCS) per deposited layer ) will show significant
deviations of actual separation distances from the commonly believed equations (1-3) for
theoretical diffusion separation distances, especially for relatively fast deposition or for almost
frozen surface diffusion.

In the case of rod-like morphology (isolated spots of B-rich phase) the system is
characterized by two lengths - (1) domain size (mean radius of rods cross-sections (r) =
\/(Areag)/m, where (Areag) is a mean cross-section area of one B-rich rod), and (2) mean
separation distance L = 2(R) between the spots centers, where (R) is a mean radius of
“responsibility zone” around each spot/rod. This is related to the number of rods (spots) Np :

Npm(R)? ~ Areaiqy, so that
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1

(R}~ T (6)

These two characteristic lengths are independent, except in the limiting case of almost

full depletion of the surrounding phase. In this limiting case, the mean radius of the rod cross-

sections, under the condition of almost full depletion between clusters, and in case of small

solubilities, should be proportional to the separation distance 2(R) and the square root of the
A-fraction in the deposited flux:

(r)~(R)\/Cy

In other cases, we only have some interrelation between three parameters - (r), (R), and
supersaturation — in the surrounding phase (see below our semianalytical model in Section 4),
which should be optimized by some variational extremum principle.

To study other morphologies, more general characteristic lengths, valid for all cases
(rods, lamellar, zigzag, and labyrinth), can be chosen:

2 . .

o where k* is a wave number corresponding to the

maximum of the Fourier transform absolute value for function Cgz(x, y).

2Area
L

surface, or the area of minority phase Areapinerity, Or rather the average Area =

The first possibility is Agje~

The second possibility is Agjg~ , where Area is the total area Areaiye, Of the

\/ Areaggg) " Ar€aminerity and L is the total length of the interphase interfaces within this area.

2Area 2NmR?> R? .
total _ ~—:; in the second subcase,

L N2mr T
Adife~ ZArea“Zinority ~ i,N:,: ~1; and in the third subcase, Agig~ /RTZ r =R.

The third possibility involves measuring the average number of intersections of vertical
(Nx) and horizontal (Ny) straight lines with interphase boundaries within a rectangle of size
L_y Ai e~ L = Axﬂy
Ny, * AT A k1A, T A,

In the first subcase, Agif~

Lx-Ly. The separation length is then calculated as A, ~ ;—x y Ay~
X

2.2. Monte Carlo models of co-deposition

Three main Monte Carlo atomic-scale deposition algorithms were used. In this Section
we will concentrate on Monte Carlo (MC) algorithms: The first MC algorithm was based on
the picture of an atom-by-atom deposition providing a roughened free surface but also the high
probability of individual 3D-cluster formation above this surface. The second algorithm was
based on layer-by-layer-via-atom-by-atom deposition when each next layer started to be filled
(one by one) by the deposited atoms only after full filling of the previous layer. The third
algorithm was also layer-by-layer, but this time at first each new layer was deposited by
simultaneously filling all empty sites of this layer, and only after this, they were permitted to
exchange with each other, providing 2D decomposition within this layer.

Let us formulate shortly four corresponding models.

Model 1. The vapor phase was realized using a lattice gas model with an FCC structure.
New atoms were added to the solid phase randomly, one by one, after a fixed number of
exchange attempts between neighboring atoms and empty sites. An atom can join and leave the
lattice. The inverse number of exchange attempts is a characteristic of the deposition-to-
diffusion ratio. The acceptance or non-acceptance of exchange is determined using the
Metropolis algorithm. Typical morphologies obtained using Model 1 are depicted in Fig.1a,b,c.

Model 2. In this model, we place new atoms (one by one) only on the remaining empty
sites of one plane. The just-arrived atoms can migrate only within this plane by exchanges with
neighboring empty sites in the same plane, according to the Glauber algorithm. The new plane
is filled only after full filling of previous plane. Typical morphologies obtained using Model 2
are depicted in Fig.1d,e.
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Model 3. In this model, atoms exchange not with empty sites but between each other
(also according to the Glauber mechanism). Exchanges start after immediate filling by atoms
of the entire new atomic layer (typical picture - Fig.1f).

Model 4. In this model, as a development of Model 3, we permit additional directions
of jumps from the surface plane to the plane below (and back).

The second and third models appear more artificial (especially at high deposition rates),
but they give more reproducible results. In models 1 and 2, atomic migration was simulated by
the exchange of empty sites of the 3D-lattice with randomly chosen neighboring atoms, using
the Glauber algorithm. In Model 3, the direct exchanges of atoms within one lattice plane were
simulated.

Since Model 1 often leads to artifacts, such as the formation of solid clusters above the
surface (surrounded by lattice gas), we used Model 1 mainly for qualitative analysis and
illustration of possible morphologies. Dependencies of characteristic lengths (mean
interlamellar distance in the case of layered morphology, mean size of minority clusters in the
case of rod-like morphology), and mean size of the responsibility region around clusters of
minority component were measured mainly within other models.

The main 2 parameters of our model are the composition of the deposition flux and
“frequency” M - the number of Monte Carlo Steps (MCS) per one deposited layer. (In the first
two models, M is the number of atoms per layer multiplied by the number of MCS per deposited
atom.) Typically, one MCS must correspond to one (on average) jump attempt for each atom
of the system (models 3 and 4). In models 1 and 2, the number of atoms in the layer changes
during deposition, and the notion of MCS becomes less evident. We chose the Monte Carlo
Step (number of attempts to exchange vacancies with the nearest atoms) as a double number of
sites in one atomic layer.

Let us relate (at least by order of magnitude) the MC simulations main parameter M and
the real velocity-to-diffusion rate ratio, including the aforementioned non-dimensional
parameters. Physically, one Monte Carlo step corresponds to the mean time per atomic jump,

_ (@2 @?

Tjump- By order of magnitude, Tjymp = D T where D is the surface diffusivity, 4

corresponds to four possible jump directions within the (001) plane of the FCC lattice, and
a/+/2 is the jump length. The correspondence of M MCS to one deposited layer means, in real

. 5 . . . . .
time, that Tj,mm, - M = , Where in our specific case of the (001) orientation of deposition

dep
2
and strictly layer-by-layer mechanism, § = a/2. Then, we obtain (Z—[)) M = . ?_ so that
dep
= _anep = i — vQ 1/ ~ 4Emix E
1570 Tw V2T e vl = kgT | M’ )
In our simulations of Model 3, we varied the parameter M from 20 to 20000, and % -
B

from 0.2 3. At that, we have 0.0001 < v; < 0.1, and 0.002 < v, < 0.95. Typical rod-like
and lamellar morphologies obtained using Algorithms 1, 2, and 3 are shown in Fig.1.
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Fig.1. Typical morphologies of co-deposited binary films simulated with Model 1
(atom-by-atom algorithm) at Emix IKeT=5: (a) rod-like (C = 0.16), (b) lamellar (C = 0.50), (c)
labyrinth (C = 0.50); Model 2 (layer-by-layer-via-atom-by-atom algorithm) at Emix [keT=0.9:

(d) rod-like (C = 0.10), (e) labyrinth (C = 0.50); and Model 3 (layer-by-layer
algorithm) at Emix IkeT=0.9: (f) lamellar (C = 0.50)
Puc. 1. Xapaxmepui mopghonoeii cnisocadaicenux 6inapHux niisox, chopmosanux y
Mmedlcax mpoox mooeneil Komn 1omepro2o mooenogants oasi Mooeni 1 (aneopumm «amom 3a
amomomy) npu EmixlkeT=5 cnocmepicaiomocs: () cmpusicnenodiona mopghonozis npu (C =
0.16), (b) namenspna mopgonozis npu C = 0.50, (C) rabipunmua mopgonocis npu C = 0.50;
s Mooeni 2 (nowapose mooentoants uepes anieopumm «amom 3a amomom») npu
EmixksT=0.9 ompumano: (d) cmpusicnenooiony mopgonoeito npu C = 0.10 ma (e)
nabipunmny mopgonoeiio npu C = 0.50; [na Mooeni 3 (nowaposuii arcopumm) npu Emix
ke T=0.9 popmyemocs (f) namenspna mopponozis npu C = 0.50.

Model 1 was used for qualitative purposes only. Detailed simulations and analytical
approximations were performed for planar (or almost planar) models 2, 3, and 4.

In all our simulations, each layer consisted of 5000 sites of the (001) atomic plane with
periodic boundary conditions. Quantification of pattern morphology, mixed patterns, and the
corresponding memory effects within a simplified kinetic mean-field model can be found in
[14].

3. Results

3.1. What happens in the Srolovitz-Atzmon model when we forbid jumps to a
neighboring atomic plane.

Atzmon, Srolovitz, et al. [1,7] suggested a theory and simulations of co-deposition. In
their simulation, they applied the modified Monte Carlo method for exchanges of atomic
“mesoblocks” instead of real atoms. These mesoblocks were deposited layer-by-layer, forming
a simple cubic lattice of “quasiatoms”. After instant deposition of each layer, quasiatoms
obtained a possibility to exchange within this very layer and also with quasiatoms below
(“equally weighted exchange attempts are allowed between the site in the topmost layer and all
of the 17 first (100), second (110), and third (111) nearest-neighbor sites of the simple cubic
lattice surrounding this site.” [7]). Simulations of co-deposition for compositions of 0.1 and 0.5
by the authors of [1,7] demonstrated the power laws for the asymptotic (after a few tens or
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hundred of deposited layers of quasiatoms) characteristic lengths (r) dependence on the
deposition rate. In the case of C=0.5, the morphology was labyrinth-like, and the length was
calculated via the number of intersections between straight lines and interphase boundaries.
Approximation by power-like dependencies (r)~(1/Vgep)™ in [7] gave n=0.33 for
C=0.5 and n=0.37 for C=0.1, instead of “classical” parabolic prediction n=0.5.
We decided to determine how the results of the Atzmon-Srolovitz model change if we
completely exclude interlayer exchanges.

Atzmon-Srolovitz model

2.0+ 0.4+
a b
15- 0.3+
=
< 1.0- <
£ 0.2
0.5-
— 0.1
Z 2 3 -4.0 73'.5* -30 -2.5
*
In(x™) In(x™)

Atzmon-Srolovitz model without interlayer exchanges

0.4+
c d

1.0- 0.3-

<0.2-

In(r)

0.37 0.1-

—_— —

5 —'4* -3 -45 -40 -35 -30 -25
In(x") In(x™)

Fig.2. Influence of limitations on diffusion jumps in the Atzmon-Srolovitz model:
(a),(c) dependencies of the logarithms of mean domain size (r) on the logarithm of the
dimensionless deposition to diffusion ratio x™; (b), (d) dependencies of exponent n =
din({r))/din(x*) on the logarithm of the dimensionless deposition to diffusion ratio x".
Puc. 2. Bnius obmedicens na oughysitini cmpubru 6 mooeni Amymona-Cponosiya: (),
(C) naseoeno zanexcnocmi noeapugpma cepednvbo2o posmipy domenis (¥ ) 6io nocapupma
6e3p03MIPHO20 CRIBBIOHOWEHHA WBUOKOCII 0caANCeHH s 00 weuokocmi oughysii X ; (), (d)
nokazano 3anedxchocmi noxkaswuka n = din((r))/din(x*) eio rocapugpma b6e3po3mipnozo
napamempa X .

As shown in Fig.2, the exclusion of exchanges with the previous layer changed the
scaling laws. The derivative din((r))/dIn(x*) is not constant (as explained in Section 4).

3.2. Time/depth dependence of characteristic lengths

Typical dependencies of domain size (characteristic separation length) on the height
(deposited atomic layer number) at various values of “frequency” M under the condition of the
initial random pattern at the substrate are shown in Fig.3-5. The composition of the initial layer
coincided with the composition of the co-deposition flux (C=0.10 or 0.50). Abrupt jumps in
some plots correspond to the case when the number of remaining clusters (groups of more than
three atoms) is small, and, for example, the joining of one atom to the group of three atoms
increases it by 1. As see in Fig.3-5 that after the first few hundred deposited atomic layers, the
domain size (characteristic length) reached a steady-state level.
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Fig.3. Characteristic length vs height obtained by Model 2 at various values of
“frequency” M = 100 MCS/layer,; 200 MCS/layer; 500 MCS/layer; 1000 MCS/layer; 5000
MCS/layer,; 10000 MCS/layer,; 20000 MCS/layer: (a) mean radius (r) of the cross-section of
rods vs height (C=0.10); (b) mean characteristic length of the labyrinth structure vs height
(C=0.50).

Puc. 3. 3anesxcnocmi xapakmeprnozo posmipy 6i0 eucomu, ompumari 3a Mooennio 2
npu piznux 3navenusnx «uacmomuy M: 100, 200, 500, 1000, 5000, 10000 i 20000 MCS/wap.
Ha epaghixax naseoeno: (a) 3anexcnicmos cepednvboeo padiyca (I ) nonepeunoco nepepisy
cmpudicnenodionux oomenis 6i0 sucomu npu C=0.10; (b) sanexncnicmo cepeonvoi
xapaxmepHoi 0oeacunu a1abipunmuoi cmpyxmypu 6io eucomu npu C=0.50.

Model 3
359
=)
c 30+
Q (]
N = 5.
o U2
€ 4l
= 2 20
§a £ 1s-
(] ]
&5 10-
=
. . . O s
0 200 400 600 0 200 400 600
Height Height

Fig.4. Characteristic length vs height obtained by Model 3 at various values of
“frequency” M = 20 MCS/layer; 50 MCS/layer, 100 MCS/layer; 200 MCS/layer; 500
MCS/layer; 1000 MCS/layer: (a) mean radius (r) of the cross-section of rods vs height
(C=0.10); (b) mean characteristic length of the labyrinth structure vs height (C=0.50).
Puc. 4. 3anesxcnocmi xapakmepnozo pozmipy 6i0 eucomu, ompumai 3a Mooennro 3
npu pisnux 3uavenHax «uacmomuy M: 20, 50, 100, 200, 500 i 1000 MCS/wap. Ha epaghixax
HageoeHo: (a) 3anexcHicms cepednboco padiyca (f) nonepeunoeo nepepizy
cmpudicnenodionux oomenis 6id sucomu npu C=0.10; (b) 3anesxcricms cepednvoi
xapaxmepHoi 0osxcunu n1abipunmuoi cmpykmypu gio eucomu npu C=0.50.
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Fig.5. Characteristic length vs height obtained by Model 4 at various values of
“frequency” M = 20 MCS/layer; 50 MCS/layer,; 100 MCS/layer; 200 MCS/layer; 500
MCS/layer; 1000 MCS/layer: (a) mean radius (r) of the cross-section of rods versus height
(C=0.10); (b) mean characteristic length of the labyrinth structure versus height (C=0.50).
Puc. 5. 3anesxcnocmi xapakmeprnozo posmipy 6io eucomu, ompumani 3a Mooennio 4
npu piznux 3navenusnx «uacmomuy M: 20, 50, 100, 200, 500 i 1000 MCS/wap. Ha epagixax
HaseoeHo: (a) 3anexncHicmos cepednbo2o paodiyca (f ) nonepeurnozo nepepizy
cmpudichenodionux oomenis 6i0 sucomu npu C=0.10; (b) 3anexcnicms cepeonvoi
xapaxkmepHoi 0osxcunu nadipunmuoi cmpykmypu 6io sucomu npu C=0.50

3.3. Steady-state: dependencies of characteristic lengths and areas on
deposition/diffusion ratio.

In many cases, the asymptotic morphology under deposition depends only on the
deposition conditions (deposition rate, substrate temperature, etc.) and not on the initial
conditions. The problem of possible “topological memory” in a range of vapor compositions
has been discussed elsewhere. Here, we measured only the characteristic parameters of phase
separation (R) and (r) for rod-like geometry and separation length Agi in the case of the
labyrinth (or lamellar or zigzag) geometry of the cross-sections. Typically, the dependencies of
these parameters on the deposition-rate-to-surface-interdiffusion-ratio are approximated by

power laws such as (R) = const - x* K (r) = const - x* %", We will see below that power law
looks like a good approximation only at x* << 1. However, we continued to use power
exponents in a broad range of parameters:

_ ldln(R)
- 2 C(lillnx* (8)

1 dIn<r>
n= _E dlnx* (9)

In Fig.6-7 we show the dependencies (r)(x*), n(Inx*), (R)(x*), k(Inx") obtained within
Models 2, 3, and 4 at C=0.10, Emix/ksT=0.8. Three runs were performed for each set of
parameters. One can see, that the spread of plots remains small, demonstrating the stability of
the algorithm.
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Fig.6. Dependencies (r)(x*) and n(Inx™) obtained within models 2, 3, and 4 at
C=0.10, Eni/ksT=0.8
Puc. 6. 3aneaxcnocmi (r)(x*) ma n(Inx™), ompumani ¢ medxcax mooeneii 2, 3 i 4 npu

C=0.10, Eni/kpT=0.8
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Fig.7. Dependencies (R)(x") and k(Inx™) obtained within models 2, 3, and 4 at
C=0.10, Eni/ksT=0.8
Puc. 7. 3anexcnocmi (R)(x™) ma k(Inx™), ompumani ¢ mesxcax mooenei 2, 3 i 4 npu
C=0.10, Eni/ksT=0.8

In Fig.8, we show the dependencies (Agi)(x*) and n(Inx*) obtained within Models 2,
3, and 4 at C=0.50, Emix/ksT=0.8.
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Fig.8. Dependencies (Agifr)(x™) and n(Inx™) obtained within models 2, 3, and 4 at
C=0.50, Eni/kgT=0.8
Puc. 8. 3aneacrnocmi (Agige)(x™) ma n(Inx™) , ompumani é meacax mooeneii 2, 3 i 4
npu C=0.50, Eni/kpT=0.8

In Fig.9, we show the dependencies n(—imiT" ,Inx™) obtained within Models 2, 3, and 4 at
B
C=0.10 and 0.50.

Model 2 Model 3 Model 4

025 c

025 c

3

1 2
EmixlksT

Fig.9. Dependencies n(im;‘ , Inx™) obtained within models 2, 3, and 4: (a) at C=0.10;
B
(b) at C=0.50
Puc. 8. 3anesxcnocmi n(im;‘ , Inx™) ompumani 6 mescax mooeneii 2, 3 i 4 npu (a)
B

C=0.10 ma (b) at C=0.50
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4. Semianalytical description

Semianalytical model of characteristic length dependence on co-deposition rate —
neglecting the Gibbs-Thomson effect for equilibrium composition at the curved interfaces.

The results of Monte Carlo simulations show that for the chosen parameters of co-
deposition, the dependencies of the separation characteristic length on the deposition rate are
far from the well-known prediction }\diff2~VC;e§, and, in general, may significantly deviate not
only in the magnitude of power exponents but, in general, from the power law itself. Our
explanation is based on the assumption that the mentioned regularity should be valid only at a
“slow” deposition rate and low temperatures.

Let, as in the third Monte Carlo model, the new atomic layer be deposited momentarily,

and then it has time At = Vs for decomposition before being buried by the following (next)

dep
atomic layer. In our simplified model, the role of the previous layer was to fix the heterogeneous

sites of the minority phase to form.

Here, we consider the case of a rod-like morphology with B-rich rods (B-phase)
surrounded by an A-rich matrix (a-phase). Let N be the number of heterogeneous sites in the
previous layer and the number of rods growing in the rod-like morphology regime.

Approximately, N = Aredtotal \yhere R is the mean radius of responsibility per spot (external

mR2 '
radius). (Here, we neglect the effects related to the size distributions and corresponding
inequality of (R?) and (R)?.)

Let r’<t<V;S ) be the time-dependent radius of the growing spot during
ep
decomposition.
R=r' (t =2 ) is the final radius of the buried spot (inner radius). The region
dep

0<r”<r'(t) corresponds to the spot (cross-section of the rod belonging to the minority B-phase).
And the region r'(t)<r’<R correspond to the surrounding majority phase (a-phase).
Of course, in the case of 50/50 alloy, the phase of spot (B-phase) can be called “minority”
only formally.
In analogy with Ham’s model for the growth of spherical precipitates in 3D, we assume
that during the period

0<t< V5 the concentration profile in the surrounding phase (majority phase) can be
dep

calculated using the quasi-steady-state approximation

V(DVC) = 0 Solution of this cylindrically symmetrical problem is:
1d/(,~ d _ _ r _
== (rD-Cg) =0 Cp = AT + B = Aln{ + B. (10)
We introduce the following non-dimensional parameters:

(= %" for points within the surrounding phase, n = %’ for the radius of the spot (rod)

during its growth, p = (t = V6 ) = % for the final radius after being buried, and this value

dep
should tend to be constant in steady-state asymptotics of the co-deposition process.

In formulating boundary conditions for determining the constants A and B, we will use
the notation Cg(R) for the boundary condition at the external boundary of the responsibility
region and then connect it with other parameters using the conservation of matter. (In the
standard Ham’s model, it coincides with the initial composition Cg,, but in our problem, it
could only be if R tends to infinity.)
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r/ _ eq
Aln—+ B = Cg,

, (11)
AlnZ + B = Cg(R)
so that
Cg(R)—Cpl  CR(R)-Cpd
A= BIHEB = BlnlB’B:CB(R):CB(Zzl) (12)
r/ n
During the time interval 0 < t < Vs the spot grows according to the standard equation
dep
for cylindrical phase growth in a supersaturated alloy:
eqydrr . 9C ., _ A _ DCg(R)-Cg}
(CBB_CBO( E—Dﬁ(r =r +0)—D;—;ln—5’B (13)
ln% (CBB_CeB%z) N2
or ECBT—CG:B% d(r ) =dt (14)
Integration over entire time interval gives
D8 — i — J‘P l (CBB_CeB%c) In (i) d( )2 (15)
szdep yz Nmin 4 CB(R)_CE((:; nZ T]

_ R /Vdep
Herey = o R 05

If one neglects the nucleation stage then we may take N, = 0.
Matter conservation gives:

CpomR? — Cppmr'? = frlj dr"2mnr"Cg(r") (16)
In non-dimensional form it gives

1
n

__smc

_n2
2 (02l + =5) + Cp(R) - (1 —12) (17)
lnﬁ 2
We solve this Eq.(17) in respect to Cg(R):
Cao~Copn’*+ ot (1577

Cg(R) =

— (18)
In(1/n2)
Substituting Eq.(18) into Eq.(15), we obtain an equation connecting two unknowns y

and p (non-dimensional external radius and ratio of inner and external radii):

2 _ prep () Cor-cin )

y2 =04  Cpo-Cpgn?~Cpo (1-1%)

d(n)? (19)

EQ.(19) determines the unknown y = Ai if one knows the unknown p = %. So, we
diff

need one more equation to find “optimal” p.
Following the ideas of John Cahn and many others, let us try the condition of maximum

. dG
Gibbs free energy release rate: — 5 > Max. In our model,

d tart
dG _ G — 6T Gend _ Gstart

T Sy
=Ny2mrd + N - (g(CB) — g(CO)) n(rg S 4 ger dr"2mr"s - (g(C(r")) — g(CO)) (20)

. . . dG .
In non-dimensional form, the assumption —3 ~ max s
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1 1 Q 6 dG
kgT NTIR? § Vg dt
= —2%p - (8(Cp) — 8(Co)) p?/ksT = [ 220 - (8(C() — 8(Co)) /ksT — max
(21)

Acapillar YQ Ve YQ
—}\‘;iff Y = D, ; = 5\/— , and it, like the energetic part of Gibbs free
energy, is proportional to Emix, S0 that by varying Emix we must simultaneously vary the x*in
Eq.(21)

Typical dependence F(p) is shown in Fig.10.

0.4-

F=-—

X"'=v, =

0.0 01 0.2 03
o}

Fig.10. Dependence of the Gibbs free energy release rate on the non-dimensional
radius of the spot (cross-section of rod). The maximum of the plot corresponds (according to
general though unproven belief) to the optimal characteristic length.

Puc. 10. 3anesicnicms wsuokocmi eusinbHenHs 8inbHoI eHepeii 'io6ca 8i0
be3posmiprozo padiyca nasmu (nonepeurno2o nepepizy cmpudichs). Beasicaemocs, wo
MaxKcumym yiei Kpugoi 8ionogioae OnMuMAaibHiti XapakmepHil 008XHCUHI, XOUA Ye NOTOIHCEHHS
MA€ 3a2aIbHONPUUHAMUIL, ale PopmMaibHo He 008edeHull Xapakmep.

We substitute the optimal value of p into Eq.(19), and then varying parameter x*, we
obtain the dependence between y and x*:

The dependence between Iny and Inx*is shown in Fig.11a.

He H R Vdep r R
After findin =—andy=— =R _we can find the — = = — =
J Popt = Y N D§ )\dlff R Agiff
Popt * Y - See Fig.11b.

-1.27 a -1.2- b
=1.3- —1.3-

§—1.4- :R_IA-

£ S

= -1.5- =~ _15-
-1.6 -1.6-
-7 -1.7- °

-4 -2 0 “a - 6
In(x™) In(x*)

Fig.11. () Dependence ln( ) In(y) vs ln( C“f‘”‘"y ) Inx*.

diff

(b) Dependence ln( ) In(py) vs In (%”‘"y) = Inx*
diff
Fig.11. (a) 3anescnicme ln( ) In(y) sio In (%””y) = Inx".

diff

(b) 3anexncricmo ln( ) In(py) sio In (%”‘"y) = Inx*

diff
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In the case of linear dependences between logarithms
Lcapillary Acapillar
(ll’l( R ) — pR ‘In (xcaplllary) +const, ln( r ) =pr- In (Llly) + COHSt), the

Aaife/ Agifr Adiff Adifr
power dependencies are:

R Acapi PR Acapi pr
( ) e ( capll]ary) , ( ) e ( caplllary) o) that
Aqiff Aqiff Adiff Adiff

R = const - (A4i¢) PR = const - (x*)PR~1 = const - (x*) ~2Ktheor,
r o« const - R = const - (x*)Pr1

L ] ® eeaqe

0.45-
0.40-
“
o]
]
$0.354
V4
0.30+
0.25-
—4 —'2* 0
In(x™)
. . 1 din(R) "
Fig.12. Theoretical dependence of exponent k;peor = — S VS Inx
. . 1din{R) . .
Fig.12. TeopeTnvHa 3aNneXHICTh MOKA3HUKA Kipoor = — > dz:fx*? 610 Inx

The theoretical prediction in Fig.12 demonstrates that the exponent decreases from
approximately 0.5 to approximately 0.1 with an increasing deposition rate. This is similar to the
simulation dependencies in Fig.6-8.

Conclusions

Increasing the deposition-to-diffusion ratio leads to a decrease in the power exponents
for the dependence of the characteristic length on the deposition rate.

Increasing the mixing energy-to-temperature ratio also leads to a decrease in the power
exponents for the dependence of the characteristic length on the deposition rate.
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