ELSEVIER

23 February 1998

Physics Letters A 239 (1998) 127-133

PHYSICS LETTERS A

A theoretical study of surfactant action in the layer-by-layer

homoepitaxial growth of metals: the case of In on Cu(111)
Ming Jiang?, Min Qiu?, Yu-Jun Zhao?, Pei-Lin Cap?P

a Department of Physics and Sate Key Laboratory of Slicon Materials, Zhejiang University, Hangzhou 310027, China
b China Center of Advanced Science and Technology (World Laboratory), P.O. Box 8730, Beijing 100080, China

Received 16 June 1997; revised manuscript received 6 November 1997; accepted for publication 9 December 1997
Communicated by A.R. Bishop

Abstract

A surfactant-mediated homoepitaxial metal system, Cu/In/Cu(111), is studied by using first-principles calculations
and the kinetic Monte Carlo method. A new repulsion model is proposed for the Cu/In/Cu(111) system where surface-
substitutional 1n atoms repel diffusing Cu adatoms and build a repulsion network. This repulsion network resultsin an average
increase of terrace barriers for adatoms Cu and enhanced island density. The layer-by-layer growth for the Cu/In/Cu(111)
system is achieved with a repulsion model in a kinetic Monte Carlo ssimulation. The importance of the additional barrier
AE is confirmed in determining film morphology. © 1998 Elsevier Science B.V.

PACS: 68.55.Bd; 68.35.Bs

1. Introduction

Over the last few years, many experiments have
shown that the shape of afilm grown on asolid surface
can be appreciably atered by the presence of small
amounts of surfactants [ 1-7]. Smooth Ge film can be
grown on a Si(100) surface preadsorbed by a mono-
layer of As, Sh, or Te [1-4] while films grown on a
clean surface are rough. It has also been observed that
the presence of Sbon Ag, Oon Pt, or Inon Cu canin-
duce layer-by-layer homoepitaxial growth under con-
ditions typical for island growth in these systems [5-
71. In these studies, the term “surfactant” refers to
a monolayer or a submonolayer of foreign atoms on
the surface. The classical definition of surfactant is“a
substance that |owers surface tension, thereby increas-
ing spreading and wetting properties’ [8]. Currently a
surfactant is accepted to be a generic agent promoting

two-dimensional (2D) layer-by-layer (LBL) growth
as opposed to three-dimensional (3D) island growth
for a specia crystal face [9].

A detailed understanding of the mechanisms in-
volved in the surfactant-mediated growth for both
semiconductor and metal systems in heteroepitaxy
and homoepitaxy is not only of fundamental interest,
but also has technological importance. The growth
of thick, low-defect films with abrupt interfaces and
smooth layers is an essential requirement for many
modern electronic device applications.

In the present study we restrict our discussion to
metal-on-metal homoepitaxial growth. Zhang and
Lagally suggested a general model (ZL model) for
metal systems [8]. The ZL model is based on the in-
equality Va_a > Va_s > Vs s connecting the adatom-
adatom, adatom-surfactant and surfactant-surfactant
bond strengths (A = adatom, S = surfactant). In this
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Letter, one typical surfactant-mediated layer-by-layer
homoepitaxial metal system, Cu/In/Cu(111),isstud-
ied by using first-principles calculations and the ki-
netic Monte Carlo method. Our results show that ZL's
assumption is not satisfied in the Cu/In/Cu(111)
homoepitaxial system. A repulsion model based
on first-principles calculations is proposed where
surface-subgtitutional surfactant In atoms repel de-
posited Cu atoms and affect their migrations and
nucleations. Kinetic Monte Carlo simulation results
are in good agreement with experiments. These re-
sults confirm the importance of the additional barrier
AE in determining film morphology.

This Letter is organized as follows. Section 2 con-
tains a brief description of first-principles cal culations,
our repulsion model and the simulation method used.
In Section 3 we present calculated results and detailed
discussions and we conclude in Section 4.

2. Modd and method

2.1. Calculation of binding energies and diffusion
barriers

In this Letter, a discrete variational X, (DV-X,)
method is used in the calculation of various binding
energies and diffusion barriersin the Cu/In/Cu(111)
system. The DV-X, method we used is a first-
principles molecular cluster approach based on the
local-density-functional (LDF) theory. The matrix
elements of the Hamiltonian and overlapping are
evaluated by a numerical integration technique on
a grid of about 1200 points per atom. In DV the
atomic wave functions ¢ are generated numerically
from the same LDF solutions as for the free atoms
and are used as basis functions. The molecular wave
functions and eigenvalues are determined using the
self-consistent charge to the potential. More details
of this method have been given in Refs. [10-13].
The frozen-core approximation is used for Cu,In ex-
cept that the Cu 3d, In 4d electrons are treated fully
in the self-consistent iterations. Hedin-Lundqvist
exchange-correlation terms are adopted in the poten-
tial. This cluster approach has been proved to be a
very good one in studying adsorption on a transition
metal surface [11-13].

The diffusion barriers are given by the difference
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Fig. 1. Schematic picture of our repulson model for the
Cu/In/Cu(111) system. The force F is the repulsive interac-
tion between surface-substitutional In and Cu adatoms. In atoms
segregate by the Cu-In exchange process. Open circles represent
adatoms Cu and filled circles represent surfactants In. For details
see the text.

between the highest energy obtained in a saddle-point
configuration and the energy in the initial situation.
For the calculation of Cu-In exchange barrierswe use
Feibelman’'s method where a Cu adatom replaces a
substrate In atom, as the latter becomes an adatom in
a nearest-neighbor fcc site [14].

In the present calculations, the flat (111) surface
of Cu is simulated by the model cluster Cuy,; and we
adopt the Cuss cluster to simulate a stepped Cu(111)
surface in the calculation of those barriers concerning
steps.

2.2. Our repulsion model for the Cu/In/Cu(111)
system

Our calculated results show that ZL's basic assump-
tion is not satisfied in the Cu/In/Cu(111) system
(Veucu < Vewan). Thus a new model is needed for
the Cu/In/Cu(111) system. According to our results,
In atoms preferably stay at surface-substitutional
sites, and surface-substitutional In atoms repel diffus-
ing Cu adatoms. We propose a repulsion model for
the Cu/In/Cu(111) system. In our repulsion model,
the Cu-In exchange process and the repulsive inter-
action between surface-substitutional In atoms and
deposited Cu atoms are the main action mechanisms
of surfactants In. They are shown in Fig. 1. The
Cu-In exchange process is a necessary condition for
surfactant-mediated LBL growth, which is confirmed
from our calculated results below.

For the unannealed surface, most preadsorbed In
atoms occupy on-surface sites at the beginning of de-
position. Due to Voyin > Veu-cu, after Cu atoms are
deposited, In atoms will be centers of nucleation of
deposited atoms. After small islands centering about
In atoms are formed, the repulsion effect of surface-
substitutional In atoms begins to be put into action.
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The Cu atoms landing on small islands will diffuse to
the edges of the islands and step down rapidly due to
the repulsion. Thus a smooth first layer is grown and
an almost uniformly distributed repulsion network of
surface-substitutional In atoms is formed. From the
second layer on, the repulsion network starts to take
effect. For the annealed surface, preadsorbed In atoms
occupy surface-substitutional sites and build a repul-
sion network at the beginning of deposition.

When a deposited Cu atom enters this network, it
will be repelled by In atoms around it. In agiven time,
the distance traveled by the Cu walker is diminished
greatly, that isto say, the terrace diffusion barrier Eq¢
isincreased on average. It isarepulsiveinteraction and
a network that lead to an increase of Eq,s On average
and an enhanced island density. Our simulated results
also show that the growth mode of Cu/In/Cu(111)
depends on In coverage, this proves that an increase
of Eq is agloba effect of the surfactant network.
For theinteracting system, there are many microscopic
diffusion barriers, the value of the measured diffusion
barrier Eg,s must result from some complex average
of all of them, and does not refer to any microscopic
process in particular [15]. In our present model, we
focus on the qualitative property of Egys.

We use the repulsion mechanism during the whole
surfactant-mediated growth (up to about 10 ML
thick). For the Cu/In/Cu(111) system, the adatom-
surfactant interaction energy is approximately equal
to (0.18/p) eV, where p is the distance between the
adatom Cu and the surface-substitutional surfactant
In (at most three lattice sites away) based on our cal-
culated results. The difference E; — E; is calculated
where E; (Ey) istheinteraction energy of an adatom
Cu with all the surface-substitutional surfactants In
nearby when an adatom Cu is at its location before
(after) ajump. So in the presence of the surfactants
In, the energy barrier e for an adatom Cu diffusing
on terraces, which is calculated from the intersection
point between harmonic potential well centers on
adjacent sites, is defined as [16]

e=eo+ (Ef— E)/2+ (Ef — E;)?/16€o, (D

where € is the energy barrier for an adatom Cu dif-
fusing on terraces without surfactants In.

2.3. Smulation method

We consider a solid-on-solid model growing on an
L one-dimensional substrate with periodic boundary
conditions. The h(x, t) represents the height of the
surface at the one-dimensional substrate at position x
and ¢. Surfactants are precovered over the substrate
with a uniform random distribution. Atoms are de-
posited randomly on the surface at a constant rate and
deposition of a single atom at position x increments
the height by unity. In asingle time step, a small num-
ber of atoms are deposited randomly on the surface,
and all the atoms including surfactants on the surface
are alowed to hop to nearest-neighbor empty sites.

Here we use the time-dependent Monte Carlo
method (TDMC) [16] to simulate growth processes.
Because an atom hops in each time-dependent Monte
Carlo cycle, TDMC can overcome the “rare event
problem”.

If there are N atoms in the system and the total
number of possible transitions is M, for each transi-
tion type, the transition rate is w; (i = 1,2,... M),
where w; = v exp(—e5;/KT), € is the energy barrier
for the ith transition type. We assume that there are
Ny, trangitions of the ith transition type, so a chosen
transition type j has arelative rate R;,

_ Nb_,-exp(—e/KT)
M Ny exp(—epi/KT)

(2)

J

At first the computer searches for al possible transi-
tionsin the system and cal cul ates the corresponding R
by means of (2), and then generates a random num-
ber o between zero and one. According to « and R,
the energy barrier for the jump to be chosen will be
determined. Then another random number 8 can de-
terminethe jump in thistransition type. That isto say,
two random numbers determine a particular jump.

It isimportant to calculate the real time for studying
the dynamical behavior in the Monte Carlo simula-
tion. If we denote by L the number of sites on the one-
dimensional lattice, the mean time between the depo-
sition of two atoms in our simulation is T, = Tp/L,
where Ty is the time needed to grow a monolayer. A
new method to calculate the real time was developed
recently [17], in which a real time internal A¢; for
one particular jump is related to the total number of
possible transition types M,
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AL = eXp(fbi/KT)’ (3)
vM
T, = ZAti, (4
i=1

where n is the total number of jumps in the time in-
ternal 7.

In order to assess the relative importance of dif-
ferent processes in influencing the growth morphol-
ogy, we have done various model simulations. For the
Cu/In/Cu(111) system, the deposition rate is 0.01
monolayer per second (ML /s), thetypical coverageof
surfactants In is 0.08. These parameters conform with
the experiment [ 7]. The surface temperatureis 225 K
inal model simulations. For the Cu/In/Cu(111) sys-
tem, LBL growth can be induced at 225K [7]. Since
the interlayer mass transport will be enhanced as the
growth temperature is increased, we choose the low-
est temperature 225 K as the typical simulation tem-
perature to test the various models. The vibrational
frequency v depends on the adatom mass and the in-
teratomic force constant. According to our calculated
results, we choose 102 s—1 for Cu atoms (on the
Cu(111) face) and 10¥ s~ for In atoms (on the
Cu(111) face) in our smulations, respectively.

To characterize the quality of the growing surface,
we measure the interface width W(L, 1),

W(L1) =\ (h2(x,0)) — (h(x,0))2

So the relationship of W(L, t) ~ t can show the vari-
ation of surface flatness with the time ¢, which can
indicate the growth mode.

Simulations have been carried out for L = 600 with
various models and parameters. Multiple growth runs
have been made for the same parameters but with
different random number sequences, and results have
been averaged together to reduce statistical fluctua-
tions.

3. Results and discussion
3.1. Binding energies and diffusion barriers
Our first-principles calculations show that the bind-

ing energies of Cu-Cu and Cu-In dimers which are
at nearest neighboring fcc sites on the Cu(111) sur-

face are 0.25 eV and 0.42 eV, respectively. There-
fore, In atoms preferably stay among Cu islands and
the assumption of the ZL model is not satisfied in
the Cu/In/Cu(111) system. Thereisalargerepulsive
force between the two In atoms at hearest neighboring
fcc gites, and the repulsive energy is 0.61 eV, which
results in a uniform distribution of In atoms over the
Cu(111) surface.

The adsorption energy of In at a surface-substitu-
tional siteis 3.4 eV, and the adsorption energy of In at
an on-surface fcc hollow siteis 2.84 eV, thus In atoms
favor surface-substitutional sites.

The various calculated migration barriers for Cu
and In atoms on the Cu(111) surface are summarized
in Table 1, which are used in our kinetic simulations.
The terrace barriers for Cu adatoms and In surfac-
tantsonthe Cu(111) surfaceare0.12 eV and 0.03 eV,
respectively, which are consistent with other calcula-
tions [18,19]. The terrace barriers for a Cu adatom
having one nearest neighbor, Cu and In, are 0.42 eV
and 0.47 eV, respectively. The energy barrier for the
Cu-In exchange process is 0.55 eV, and it is small
enough to ensure the segregation of In surfactants.

3.2. Kinetic Monte Carlo simulation results

The simulation results for the Cu/In/Cu(111) sys
tem with our repulsion model are shown in Fig. 2,
where we plot the interface width W(L, t) as a func-
tion of the deposition time ¢. The surface temperature
is 225 K and an annealed surface is chosen as the
starting surface [7].

Curve (a) isfor pure Cu-on-Cu(111) growth. The
interface becomes increasingly rough as growth pro-
ceeds.

In curve (b), the preadsorbed In atoms have a
coverage 6, = 0.08, the Cu-In exchange process
is turned off but repulsion between Cu and surface-
substitutional In atoms is allowed. The interface be-
comes increasingly rough as growth proceeds. Only
the first layer is smooth. All surfactant In atoms have
been buried within the first layer. Similar results are
obtained if none of the two processes are turned on.

In curve (¢), the Cu-In exchange processiis turned
on but repulsionisnot alowed. It isclear that theinter-
facewidth isaso increasing from layer to layer. Com-
pared with curve (b), the interface width increases
slowly, but shows no clear oscillation.



M. Jiang et al./Physics Letters A 239 (1998) 127-133 131

Table 1

Energy barriers for the Cu/In/Cu(111) system used in the model simulations. N;(Ny) is the number of in-layer nearest neighbors in the

initial (final) state. Refer to Fig. 1 for the Cu-In exchange process

Diffusion type Intralayer diffusion Energy barrier (eV)
N; Ny Cu/Cu(111) In/Cu(111)
diffusion on terrace 0 0 0.12 0.03
1 (Cu atom) 0 0.42 0.27
1 (In atom) 0 0.47 0.01
diffusion to step 0.12 0.03
dissociation from step 0.67 0.53
Interlayer diffusion
Cu-In exchange process 0.55
cross step directly 0.262 0.30

2Also see Ref. [21]
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Fig. 2. The interface width W(r) as a function of the deposition
time ¢ for the Cu/In/Cu(111) system under different conditions.
For every case, the surface temperature is 225 K. For (b)-(d),
the In coverage is 6, = 0.08, the deposition rate is 0.01 ML/s
and L = 600. For details see the text.

Incurve (d), theinterfacewidth W(¢) displays per-
fect oscillations indicating LBL growth where both
Cu-In exchange process and repulsive interaction are
turned on. After 10 layers are grown, about 68% of
preadsorbed In atoms have been buried in lower lay-
ers.

From the above results, it is obvioudy seen that
our repulsion model can apply to the Cu/In/Cu(111)
system. Surfactant In atoms induce LBL growth
through segregation and repulsive interaction mech-
anisms. Comparing curves (b), (c), (d), we know
that neither of the two mechanisms can induce LBL
growth aone. In the Cu/In/Cu(111) system, the re-

pulsion network constructed by surface-substitutional
In atoms results in an increase of terrace barriers for
Cu adatoms on average, so island density is enhanced.
Enhanced Cu island density has been observed in the
experiment [7]. This can increase interlayer mass
transport and induce LBL growth. The segregation
process ensures that In atoms can continue to influ-
ence the growth mode of successive layers. If the seg-
regation process is turned off, only one smooth layer
(first layer) is obtained (see curve (b) in Fig. 2.).

We have also investigated the effect of surfactant
coverage for the Cu/In/Cu(111) system. The simu-
lated results show that the roughness of the interface
will increase rapidly at 6,, = 0.01 and 6, = 0.03.
Clearly, if the surfactant coverage is too low, an av-
erage increase in the terrace barriers for Cu adatoms
is very small, island density can be enhanced only a
little. So, LBL growth can not be induced.

3.3. Additional barrier AE and surfactant mechanism

Now let us discuss the effects of surfactantsin the
above metal system, Cu/In/Cu(111). A necessary
condition for LBL growth is rapid interlayer mass
transport. It is imaginable that surfactants must have
enhanced interlayer mass transport in some way. In
order to assess the interlayer mass transport during the
growth quantitatively, Meyer et a. introduced a ratio
factor Ro.c/R1.c [20],

(RO,C) ~ (ho 2exp(AE/KT)>1/2

)=l ot

Ric h

5
Ric (3)
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Fig. 3. Schematic diagram for Meyer’s ratio factor Roc/R1,c and
potential diagram for adatoms. Ry ¢ is the critica radius of the
first-layer island; Ro,c is the measure of the spacing between the
center of first-layer island. AE is the difference between the terrace
barrier Eqy+ and the step-edge barrier Egep. For details see the text.

2Ry ¢

where Ry ¢ is the critical radius of the first-layer is-
land (the radius of the first-layer island at the onset
of second-layer nucleation), Roc is the measure of
the spacing between the centers of first-layer islands,
ho and hy are the hopping probabilities on the sub-
strate and the first-layer island, respectively, and the
additional barrier AE is the difference between the
hopping barriers on the terrace and step edges, AE =
Egep— Eaut (seeFig. 3). Theratio Roc /Ry isclose
to 1 for smooth growth and larger than roughly 1.5 for
3D island growth.

Itisclear from Eq. (5) that there exist multiple pos-
sibilities to decrease the value of Roc/R1c. Inapure
system, ho = h, thus, the most efficient way to de-
creasethevalue of Ry /Ry c istoincreasethe growth
temperature. Because |ow-temperature layer-by-layer
growth is often desired, the next choice is to reduce
AE. There exist two ways to reduce AE. One way is
to reduce the step-edge barrier Egep, the other is to
increase the terrace barrier Eq,¢. An increase of the
terrace barrier Eqs Will induce enhanced island den-
sity. Apparently, either a reduced Egg, Or an enhanced
island density can enhance interlayer mass transport.
In the Cu/In/Cu(111) system, surfactants In atoms
preferably stay at a surface-substitutional site and re-
pel Cu atoms approaching them. It isthe repulsion net-
work that leads to an increase of the average diffusion
barriers for Cu atoms on terraces Eg,s and enhanced
island density.

Our (1 + 1)-dimensional model is simple but
enough for qualitative descriptions. For the unan-
nealed surface, due to Voycu < Veun, many small
islands centering about In atoms are formed in the
early stage of growth in two dimensions. This phe-
nomenon occurs in one dimension as well, the only

difference is the dimensionality of the island. From
the second layer on, the repulsion network starts to
take into effect. For two dimensions, after the de-
posited Cu atoms enter the repulsive network, they
tend to avoid those repulsive centers In and aggregate
to small islands between those In atoms. Asin two di-
mensions, many small islands are formed between the
surface-substitutional In atomsin (1+1)-dimensional
simulations. The island density N satisfies the scaling
relation: N ~ r* exp(ABEsyt), r is the deposition
rate. In two dimensions, A = % and in one dimension
A= %1 [22]. Therefore, an increase of N implies an
increase of the diffusion barrier Eq,¢ under the same
growth conditions. It is the repulsion network that
leads to an increase of Eq, on average. Our simulated
results show that the growth mode of Cu/In/Cu(111)
also depends on In coverage, this proves that an in-
crease of Egyt isaglobal effect of surfactant network.
Based on the above analysis, we can conclude that
the (1 + 1)-dimensional model we used conforms
with the real growth process in a qualitative manner
but quantitative descriptions are different apparently.

4. Summary and conclusion

We have studied a surfactant-mediated homoepi-
taxial metal system, Cu/In/Cu(111), using first-
principles calculations and kinetic Monte Carlo sim-
ulations. Our results show that the repulsion model is
suited to the Cu/In/Cu(111) system.

For the Cu/In/Cu(111) system, surfactants In in-
crease the terrace barrier Eq,s by arepulsive interac-
tion network. In this metal system, surfactants In can
segregate effectively, which is a necessary condition
for surfactants.

Our calculated results also show that the additional
barrier AE is an essential physical quantity in deter-
mining film growth mode. Only if A E become smaller,
will smooth growth be induced. Increasing Esut IS
proved to be an effective way.

It isnoteworthy that (1+1)-dimensional simulation
isrelatively simple but is enough for qualitative analy-
sis. At present, we are performing (2+1)-dimensional
simulations in order to get a deeper insight into the
surfactant mechanisms.
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