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The heteroepitaxial growth of multilayer Cu/Pd(100) thin film via pulse laser deposition (PLD) at room temper-

ature is simulated by using kinetic Monte Carlo (KMC) method with realistic physical parameters. The effects of mass

transport between interlayers, edge diffusion of adatoms along the islands and instantaneous deposition are considered

in the simulation model. Emphasis is placed on revealing the details of multilayer Cu/Pd(100) thin film growth and

estimating the Ehrlich–Schwoebel (ES) barrier. It is shown that the instantaneous deposition in the PLD growth gives

rise to the layer-by-layer growth mode, persisting up to about 9 monolayers (ML) of Cu/Pd(100). The ES barriers

of 0.08 ± 0.01 eV is estimated by comparing the KMC simulation results with the real scanning tunnelling microscopy

(STM) measurements.
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1. Introduction

The morphology and growth mode of homoepi-

taxially and heteroepitaxially grown films depend dra-

matically on the thermodynamic properties of the

film–substrate combination, as well as the kinetic

parameters, such as surface misfit energies, diffu-

sion barriers, deposition rate and surface tempera-

ture, etc.[1] There occur three kinds of growth modes

during film formation, i.e. two-dimensional layer-by-

layer (2D, Frank–van de Merwe) growth mode, three-

dimensional (3D, Volmer–Webber) growth mode and

2D–3D (Stranski–Krastanov, S-K) growth mode.[2] In

particular, the layer-by-layer growth is a quality of

growth and highly desirable as it allows the prepara-

tion of structurally well-defined films.[3] It is known

that pulse laser deposition (PLD) can lead to a better

epitaxial growth than traditional thermal deposition

(TD) in molecular beam epitaxy (MBE)[4,5] and keep

layer-by-layer growth mode up to a few monolayers

(ML) in thickness.[6−9] Although the structure prop-

erties of Pd/Cu(100) thin films and the phase tran-

sition from fcc to bcc structure for Cu/Pd(100) have

been studied extensively,[10−13] detailed growth pro-

cesses, especially the interlayer mass transport during

multilayer heteroepitaxy of the two systems prepared

by PLD, are not yet fully understood and need further

investigation.

During the formation of multilayer thin films, the

Ehrlich–Schwoebel (ES) barrier,[14−16] which is an ad-

ditional barrier for atoms joining a descending step

to overcome, plays an important role in the growth

modes. The ES barrier is also described as the de-

gree of interlayer mass transport during the growth of

multilayer thin films. The ES barrier on the surface of

different materials has been a subject of numerous the-

oretical studies.[17−22] In addition, several attempts

have been made to evaluate the ES barrier from exper-

imental data by using different approximations.[23−27]

However, the ES barrier is still not known for a wide

variety of systems, including the Cu/Pd(100) and

Pd/Cu(100) heteroepitaxial systems, and it is difficult

to calculate from first principles.

On the other hand, Kinetic Monte Carlo (KMC)

simulations have been used with considerable suc-

cess to model the essential features of epitaxial

(homo- and hetero-) growths of metals as well as

semiconductors,[28−34] such as simulations of multi-

layer Fe(100) homoepitaxy,[27] Si(001) homoepitaxy
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with anisotropic sticking probabilities,[35] heteroepi-

taxies of Au/Ir(111) and Au/Pt(111),[36] and unsta-

ble epitaxy in systems with the ES barriers to inter-

layer diffusion.[37−40] Model parameters can be fitted

by comparing with measurements, and in some cases it

is possible to achieve quantitative or semi-quantitative

agreement[41] and even to make predictions about the

growth modes and material properties.

In the present work, the heteroepitaxially PLD

grown multilayer thin films of Cu/Pd(100) are simu-

lated by using KMC method with a realistic growth

model and physical parameters. We concentrate on

revealing the growth details during the formation of

multilayer Cu/Pd(100) thin films and estimating the

ES barrier of this system by comparing the KMC sim-

ulation results with the real scanning tunnelling mi-

croscopy (STM) measurements.

2. Strategy of modelling

The KMC simulation is based on solid-on-solid

model with periodic boundary conditions and carried

out on a 200 × 200 lattice. To simulate the instan-

taneous deposition in pulse laser deposition, the high

deposition rate of 104 ML/s during the pulse, 34 ns

pulse length and a repetition frequency of 5Hz are set

up, which are consistent with those in the real PLD

experiments.[3,9] The deposited copper monomers are

located at randomly chosen positions of the Pd (100)

flat substrate. They are allowed to diffuse on terrace

with a diffusion rate (Arrhenius form)

Dd = D0 exp(−Ed/kBT ), (1)

where Ed is the activation energy for monomers, T is

the temperature and kB is the Boltzmann’s constant.

They diffuse with the same prefactor D0 = 1012 s−1.

In the initial stage of Cu/Pd(100) growth, Cu adatoms

diffuse onto Pd(100) surface with an activation barrier

Ed = 0.73 eV,[35] and then with another activation

barrier Ed = 0.425 eV diffuse onto Cu(100) surface.[42]

In order to take into account an island relaxation, the

rate of diffusion for atoms along the edge of an island

is also included by assuming the rate of edge-diffusion

to be

De = D0 exp(−Ee/kBT ), (2)

where Ee is the edge-diffusion barrier (Ee = 0.247 eV

for Cu adatoms[43]). When monomers diffuse to and

arrive at a step, they will attempt to go down the

step with an additional step-barrier energy (ES bar-

rier) Ees, and the rate of interlayer diffusion is given

by

Des = D0 exp [−(Ed + Ees)/kBT ] . (3)

The ES barrier is defined as the difference be-

tween the energy barrier for an adatom to diffuse

from a terrace to the layer below and the energy bar-

rier for diffusion onto a flat terrace. The existence

of this barrier has been shown to lead to a morpho-

logical instability.[44] Unfortunately, the ES barrier is

still unknown for a wide variety of systems, and is dif-

ficult to calculate from first principles. We estimate

the ES barrier in the multilayer growth of Cu/Pd(100)

from the KMC simulation and compare it with the real

scanning tunnelling microscopy (STM) measurements.

The critical island size is set to be i = 1 at room tem-

perature, i.e. dimers will not move any longer and

form stable nuclei. The active monomers will stick

to an island with a unit probability and diffuse along

the edge of the island with a diffusion rate De and

then become part of the island when they reach a site

adjacent to it.

3. Results and discussion

In order to reproduce the morphologies of het-

eroepitaxial growth, a suitable ES barrier should be

estimated first. We have taken the ES barrier as a

variable parameter appearing in the diffusion rate in

expression (3), and then calculated the surface rough-

ness as shown, for example, in Refs.[27, 45], where the

authors successfully simulated the re-entrant layer-by-

layer growths of Fe/Fe(100) and Pt/Pt(111). The sur-

face roughness is defined as[46]

w =

√

√

√

√

1

n

n
∑

i=1

(h(xi) − h̄)2, (4)

where n = 200 × 200, h(xi) is the height of thin film

at the position of xi and h̄ is the average height of

thin films, which is described as h̄ = 1/n
∑n

i=1 h(xi).

A larger value of roughness corresponds to a morphol-

ogy that has more layers simultaneously exposed to

the surface. The oscillation of roughness with increas-

ing coverage with a periodicity of 1 ML means the

layer-by-layer growth mode, and the lowest value of

roughness for each oscillation corresponds to an in-

tegral number of coverage. So the surface roughness

can accurately determine the growth mode during thin

film formation.
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Figure 1 demonstrates the coverage dependence

of surface roughness for different ES barriers at T =

300K. It is clear that when Ees < 0.05 eV, the growth

mode is a complete layer-by-layer growth mode even

the coverage reaches as high as 12ML. When the

ES barrier increases to 0.08 eV, the complete layer-

by-layer (θ = 0–6ML) and the nearly layer-by-layer

growth mode remains up to 8–9ML of coverage. Fur-

thermore, when Ees = 0.10 eV, the growth mode per-

forms a complete 3D growth when the coverage θ > 3–

4ML. In a way similar to that in Ref.[27], an ES

barrier Ees = 0.08 ± 0.01 eV can be estimated for

Cu/Pd(100) heteroepitaxy by comparing the KMC

simulation results with the experimental results.[9]

Fig.1. Coverage dependence of the surface roughness of

the PLD Cu/Pd(100) heteroepitaxy for three values of Ees

at room temperature.

For comparison, we have also prepared Cu films

on the same Pd(100) substrate at the same substrate

temperature (300K) by thermal deposition (TD). The

deposition rate was typically set to be 0.0017ML/s.

It means that there is the same number of adatoms

deposited on the substrate as that in the PLD for

the same deposition time. The coverage dependence

of the surface roughness of the TD Cu/Pd(100) het-

eroepitaxy for three values of Ees at room tempera-

ture is shown in Fig.2. Clearly, in the TD case, when

Ees = 0.08 eV, the layer-by-layer growth mode per-

sists up to only 3–4ML, while it remains up to about

9ML in the PLD case. Similar results for Ees = 0.05

and 0.1 eV are also shown in this figure. It is evident

that the PLD growth can improve the layer-by-layer

growth significantly. This improvement on growth is

due to the characteristic features of the PLD, in par-

ticular the extremely high instantaneous deposition

rate. The detailed analysis will be given in the follow-

ing sections.

Fig.2. Coverage dependence of the surface roughness of

the TD Cu/Pd(100) heteroepitaxy for three values of Ees

at room temperature (F = 0.0017 ML/s).

Figure 3 describes the morphologies of Cu on Pd

(100) thin film grown via PLD based on the KMC

simulation at T = 300K and Ees =0.08 eV, where the

coverages are set to be 0.85, 2.1, 3.05, 6.0, 9.0 and

12.0ML, separately. At 0.85ML as seen in Fig.3(a),

the second layer nucleation is not found, and the ef-

fects of coalescence between islands and morphology

percolation take place. In a thickness of 2.1ML more

than 95% of the second layer is accomplished and

only a few islands remain in the third layer, while at

3.05ML most of the third layer is filled. The layer-

by-layer growth mode nearly persists up to a cover-

age of 6.0ML. With increasing Cu thickness up to

9.0ML, four layers appear simultaneously on the sur-

face and the growth mode changes from nearly layer-

by-layer to 3D multilayer growth one. When the thick-

ness increases up to 12ML, the growth takes place

in a typical 3D mode, where more than five layers

(from the 10th to 14th layers) are exposed on the

surface. In contrast with the 3D growth in ther-

mal deposition homoepitaxy of Cu/Cu(100) at room

temperature,[40] the growth mode in the PLD het-

eroepitaxy of Cu/Pd(100) is a good layer-by- layer

mode at the early stage (θ < 6ML) and via the

2D–3D (S-K) growth mode region (θ = 6–9ML), it

switches to a 3D growth mode at higher coverages

(θ > 9ML).These simulation morphologies are consis-

tent with those from the STM experimental images

closely.[9]



3032 Wu Feng-Min et al Vol. 16

Fig.3. Images of PLD Cu/Pd(100) thin films with different thicknesses: (a) 0.85, (b) 2.1, (c) 3.05, (d) 6.0,

(e) 9.0 and (f) 12ML, deposited at 300 K. The size of the image is 200 × 200 lattice and the scale of grey

from white to black represents the top layer to bottom layer, respectively.

The good layer-by-layer growth of the PLD

Cu/Pd(100) film is mainly attributed to the instan-

taneous deposition in the PLD growth as is known

in previous publications.[3,6] In fact, although the de-

position rate in a pulse is extremely high (104 ML/s),

there are only 10−4 ML atoms deposited during a very

short pulse (34 ns). Moreover, there is more sufficient

time for the deposited atoms to diffuse between the

pulses, yielding an easier growth with layer-by-layer

mode. Figure 4 shows the morphologies of TD growth

and PLD growth at 0.5 and 5.0ML, respectively. Ob-

viously, the islands are smaller in the TD growth than

in the PLD growth, while the island density is less in

the PLD growth than in the TD growth. At low cov-
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erages (θ = 0.5ML), the islands growth under both

PLD and TD are two-dimensional, and their rough-

nesses are almost the same (∼0.5), as shown in Figs.1

and 2. However, at high coverages (θ = 5.0ML), the

growth mode in the TD is typical 3D one, while it re-

mains in a layer-by-layer mode in the PLD growth and

the roughness in TD (∼ 0.7) is larger than that in PLD

(∼ 0.55). Of course, the growth modes in the TD and

PLD depend on deposition rate dramatically. Higher

deposition rate will give rise to rougher growth. On

the other hand, it is reasonable that the heterogeneous

substrate of Pd reduces the ES barrier of Cu/Pd(100)

system, while the ES barrier of Cu/Cu(100) is more

than 0.1 eV in value.[47,48] It is evident that there is

no difference in ES barrier between the TD and the

PLD growths, since there is no evidence that the PLD

affects the structures and properties of the substrate

as well as the interactions between adatom and sub-

strate. However, how the Pd(100) heterogeneous sub-

strate affects the growth mode has not been available

so far.

Fig.4. Morphologies for PLD and TD growths at two coverages: 0.5 and 5.0ML. The images in top row

are for PLD growth at room temperature, where the growth condition is the same as that in Fig.3, and the

images in bottom row are for TD growth at room temperature where F = 0.0017 ML/s.

In order to acquire more detailed information

about film growth mode, the layer distribution versus

total coverage is calculated as shown in Fig.5. It seems

that the second layer growth starts at a coverage of

0.9ML. At a coverage of 1.0ML, 95% of the first layer

is completed while the remaining 5% appears as the

second layer. This two-layer growth mode or perfect

layer-by-layer mode remains in a coverage range from

1–6ML. However, in a thin film thickness range of 6–

9ML, the film growth is in a three-layer form, i. e. the

S-K growth mode. Particularly, at 9.0ML, only 70%

of the ninth layer is completed while the remaining

30% appears as the 10th and 11th layers. And above

9ML, the film grows into one with four or more layers

at the same time, which is a perfect 3D growth mode.

The film surface becomes more and more rough.
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Fig.5. Layer coverage as a function of total coverage

of Cu/Pd(100) system at room temperature and Ees =

0.08 eV. This plot gives the quantitative information about

the layer distribution and growth mode. Numbers 1–14

refer to the numeral orders of curves for the first to four-

teenth layers.

Both the experimental and the simulation results

indicate that the growth mode of Cu/Pd(100) de-

pends dramatically on the coverage. The 2D growth

mode at lower coverages has to do with the topmost

layer islands which are small and irregularly shaped

in the first monolayers. A similar cause has also

been considered to be responsible for the observed

re-entrant layer-by-layer growth mode in the case of

Pt/Pt(111).[50]. As far as the changes of the island

size and shape are concerned, they are attributed to

the reducing of influence of the substrate as coverage

increases.[51] In fact, with increasing coverage, more

and more defects will appear on the surface. The

completion of this kind of defect will become difficult,

i.e. the surface wetting is poor, leading to the con-

version from layer-by-layer growth to 3D growth. On

the other hand, the surface temperature also plays a

significant role in the mobility of adatoms and con-

sequently affects the growth mode of multilayer thin

film formation.[48] At relative lower temperatures, the

mobility of deposited atoms is slow, resulting in multi-

ple islands formed on the surface and higher values of

surface roughness. With increasing temperature, the

mobility of adatoms will become so fast that the co-

alescence effect takes place significantly, yielding the

occurrence of layer-by-layer growth mode.

4. Conclusions

In summary, the detailed heteroepitaxial growth

of multilayer Cu/Pd(100) by PLD is reproduced by

using KMC method, and so are the effects of edge

diffusion along the islands, mass transport between

interlayers and the instantaneous deposition. The sur-

face roughness and the layer distribution versus total

coverage are calculated so as to investigate detailed

growth processes during the formation of multilayer

thin film. Three kinds of growth modes, i.e. layer-by-

layer growth, S-K growth, and 3D growth modes are

given at different coverages. It is shown that the layer-

by-layer growth mode at the early stage in the growth

of Cu/Pd(100) heteroepitaxy by using PLD is mainly

attributed to the instantaneous deposition, which is

in good agreement with experiments. The ES barrier

Ees = 0.08 ± 0.01 eV in Cu/Pd(100) is estimated by

comparing the KMC simulation results with the real-

istic experimental results. The simulation results also

show that the growth mode depends on the coverage

and substrate temperature dramatically during thin

film formation.

Nevertheless, it should be emphasized that the

physical conditions of PLD are by far less well defined

than those of MBE. The particles deposited may be

atoms, clusters, or even droplets.[52] A full theoreti-

cal modelling of the kinetic growth process under the

PLD experimental conditions is unfeasible yet. Fur-

thermore, although our results provide an estimation

of the ES barrier of Cu/Pd(100) heteroepitaxial sys-

tem, they do not explain the mechanism (e.g. hop-

ping and exchange) for interlayer diffusion. The future

work using ab initio and molecular dynamics calcula-

tions is necessary to clarify the route to understanding

the interlayer diffusion.
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