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 :  ملخص

 

 وٌسزُذ هذا انحسبة ػهى .يٍ خلال رطىٌز انؼذٌذ يٍ انجزايج ثبسزخذاو ثزَبيج فىررزاٌ Pd/MgO (100) و انًُى ػٍ  حزكٍخ انزُىي يحبكبح

 اخزجزد Pd / MgO (100).نزُىي وًَى انجزٌئبد انُبَىٌخ   ، رزؼهك ثبنذراسخ انكًٍخ الأونى(MET) انًؼبٌٍز درسذ ثبنًٍكزوسكىة الانكززوًَ

ٌزى رفسٍز حزكٍخ انزُىي وفمب نُظزٌخ انزُىي  s. 1000 ورزست انىلذ K 1073-573انجزٌئبد انُبَىٌخ انجلادٌىو إٌذاػهب فً َطبق درجخ حزارح 

كثبفخ رشجغ يجًىػبد رُخفض ػُذ اررفبع درجخ انحزارح وفمب نمبَىٌ . ثلاس يزاحم وهً انزُىي وانًُى وانزحبو إنًٌشٍز انًخطط انؼبو . انؼشىائً

ورجٍٍ أٌ انزحبو . ٌفسز ظبهزح انزحبو ػجز ػًهٍخ انهجزح. Ag/MgO و Au/MgOفً  AFM ٌؼزجز هذا انسهىن فً ارفبق يغ دراسخ . أرٌٍُىس

 .ٌحذس ثسزػخ أكجز ػُذ درجخ حزارح ػبنٍخ

 

 .MgO .(100) - اكسٍذ انًبٍَزوو ٌىو د ثلا –  يحبكبح-انًُى- انزُىي :الكلمات المفتاحية

 
Résumé : 

La cinétique de nucléation et de croissance de nanoparticules de Pd sur des couches minces de  MgO (100) sont 

simulées en développant de nombreux programmes utilisant le logiciel Fortran. Ce calcul est basé sur les 

paramètres étudiés in situ par microscopie électronique à transmission (MET), liée à la première étude 

quantitative sur la nucléation et la croissance de Pd /  MgO (100). Les nanoparticules de palladium déposées sont 

testées dans la gamme de température 573-1073 K et le dépôt du temps de 1000 s. La cinétique de nucléation est 

interprétée en fonction de la théorie de la nucléation aléatoire. Le régime général est constitué de trois étapes à 

savoir, nucléation, croissance et coalescence. La densité de saturation des pôles diminue lorsque la température 

du substrat augmente d’après la loi d'Arrhenius. Ce comportement est en accord avec une étude récente par AFM 

pour Ag / MgO et Au / MgO. Le phénomène de coalescence est expliqué par le processus de migration d'ilots. Il 

est montré que la coalescence se produit plus rapidement lorsque la température du substrat est élevée. 

 

Mots-clés: Nucléation, Croissance, Simulation, Palladium,  MgO (100). 

 
Abstract: 

The Nucleation and growth kinetics of Pd nanoparticles on thin films of MgO (100) are simulated by developing 

numerous programs using Fortran software. This calculation is based upon parameters studied in situ by 

transmission electron microscopy (TEM), related to the first quantitative study on the nucleation and the growth 

of Pd/ MgO(100). The deposited Palladium nanoparticles are tested in the temperature range 573–1073 K and 

deposition time of 1000 s. The nucleation kinetics is interpreted according to the theory of random nucleation. 

The general scheme is consisting of three stages namely, nucleation, growth and coalescence. The saturation 

density of clusters decreases when the substrate temperature increases following Arrhenius law. This behavior is 

in agreement with a recent AFM study for Ag/MgO and Au/MgO. The phenomenon of coalescence is explained 

via island migration process. It is shown that the coalescence occurs more rapidly when the substrate temperature 

is high. 
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I.  INTRODUCTION 

Nowadays, nano-objects provide a promising research for the identification of new fundamental 

properties of the materials and their potential technological applications. Much effort is devoted to 

understand the physical and chemical properties of materials, which can serve as model catalyst 

systems. Consequently, fundamental studies have been carried out on a range of heterogeneous 

catalyst, for example, metal islands grown on thin films [1-4] or on single-crystals surfaces [5, 6]. 

Palladiums deposits on the MgO (100) surface have become one of the most widely used model 

systems, and have given rise to many detailed experimental   studies [7-9]. Although the main 

microscopic steps governing nucleation and growth of the films are now understood, detailed 

characterization of these processes has proven difficult. Earlier, empirical and theoretical studies of Pd 

over single crystals MgO, investigated defect nucleation [10, 11] when nucleation centers occupy 

minority of sites. On the other hand, the results of nucleation kinetics over thin films governed by 

random nucleation [1, 12], each atomic site is potentially a nucleation centre. In this study, we build 

upon many experimental and theoretical studies [1, 13] have been carried out to understand these 

processes. The aim of this work is to investigate the microscopic mechanisms focusing on the 

nucleation, growth and coalescence of Pd / thin MgO (100) using Fortran software.  

2. THEORY AND CALCULATION 

2.1. Overview of nucleation and growth theories 

In the goal of the understanding the nucleation processes on surface, two theories have been developed 

in two terms classical thermodynamics and atomistic. The classical theory has been developed by 

Volmer and Weber [29]. The critical nucleus is assumed only one atom, meaning that the dimmer is 

already stable. In this reason, the classical nucleation theory is unavailable. The growth process occurs 

by accretion of adatoms. It is described by the atomistic nucleation theory which has been developed 

by Zinsmeister [15]. The rate equations given by Zinsmeister expressed by:  

                             
dn i

dt
=   ωi−1  ni−1 −  ωi  ni           for i = 2,3…∞                                               (1) 

                                                                                                                                                   

Where ni  is the number of clusters of size i and  ωi  is the attachment frequency of an adatom to a 

cluster containing i atoms which is expressed by: 

                                                             𝜔𝑖 =  𝜎𝑖  𝐷 𝑛𝑖                                                               (2)                                                                                                                       

σi is the capture number for a cluster of size i and D is the diffusion coefficient .Forsake of 

simplicity Zinsmeister assumes that it is a constant between 1 and 4. From this scheme the 

nucleation frequency is: 

                                                              J =  2 ω1  n1   (3)        

                                                                                                                                                                                                                                                                                                                                                                                   

 

Supposing that the growth is negligible, the density of adatoms is equal to the stationary value: 

                                                                n1 = F τ  (4) 

                                                                                                                                                   

Where F is the flux of atoms impinging on the substrate and τ the mean life time of an adatom before 

desorption. Then, combining equations (2) and (4), the nucleation rate becomes: 

                                                                𝐽 = 2𝜎1  𝐷 𝐹2𝜏2                                                                     (5)                                                                                                

The nucleation rate is proportional to the square of the impinging flux for a homogeneous substrate 

without defects. Zinsmeister has solved the system of differential equation assuming a constant value 

for the attachment frequency ω i [28]. However by this treatment several characteristics of the growth 

of clusters are not taken into explanation. Several researches have tried to treat more precisely the 
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calculation of the attachment frequencies [16–18]. In the typical growth, the diffusion of adatoms is 

limited by desorption and the diffusion length Xs of an adatom is:  

 

                                                                             𝑋𝑠 =  𝐷𝑠 
1/2                                                       (6)                                                                                                                                                                                                                                                                      

Where 𝐷𝑠 is the surface diffusion coefficient. It is expressed by: 

                                                           𝐷𝑠 =  𝑎0 
2 𝜈𝑑  𝑒𝑥𝑝   −

𝐸𝑑

𝐾𝑇𝑠 
                                            (7)                                                                                                                                                                

Then the mean life time of a physisorbed molecule as explain by: 

                                                              𝜏 =  1/𝜈𝑎  𝑒𝑥𝑝  
𝐸𝑎

𝐾𝑇𝑠 
                                                              (8)                                                                                                                                                                   

where Ea and Ed is the adsorption and the  diffusion energy, and a0 the jump distance , νd and νa the 

frequency factors for the diffusion and the adsorption process, K the Boltzmann  constant and Ts the  

substrate temperature. The transformation of two touching nuclei into one nucleus can be described by 

a time constant shown by Nichols and Mullins [19]: 

                                     τc = 0.2  
R4

B
               with  B =  

ɤ  Ω4/3Ds   

K Ts   
                                          (9) 

Where R is the radius of the coalescing spheres, ɤ the surface free energy and Ω the atomic 

volume of Pd. 

 

2.2. Algorithm 

To understand the first quantitative study of nucleation and growth of Pd on thin layer of  MgO(100), 

we exploited the experimental work of C.R. Henry and al [1], who used transmission electron 

microscopy and electron diffraction at high energy to measure the Pd island density as a function of 

time a given temperature and a constant flux . Firstly, the MgO (100) / LiF (100) / NaCl (100) 

composite layer is achieved which serves as support. Palladium is then deposited with a flux of 1x1O
13

 

atoms cm
-2

. s
-1

 and exposure time of 10 to 240 s on a substrate heated at temperatures between 573 and 

673 K. After deposition, the Pd islands are in situ characterized with a transmission electron 

microscopy (TEM) to determine the island density. The results are interpreted according to the theory 

of random nucleation. The energy of adsorption and diffusion of palladium on MgO (100) are derived 

from the latter theory. It was possible to vary the average size of particles in the range 0. 8 - 3.5 nm.  

 

3. RESULTS 

Our theoretical results are based by developing numerous programs exploiting Fortran software. The 

following list details this mapping. 

1. Pd deposition flux rate on MgO (100) is 1.13x1O
13

 atoms cm
-2

. s
-1

. 

2. Pd atoms are deposited randomly onto the surface with activation energy of about 0.22 eV. 

3. Pd nanoparticles deposited on thin MgO are tested in the temperature range 573 - 1073 K and 

deposition time of 1000 s, table 1. 

4. Pd islands are approximated to be three-dimensional clusters. 

5. The diffusion of adatoms is limited by desorption. Hence, the values of the surface diffusion are 

calculated by combination of Eqs (6) and (7). 

6. The entry parameters are: the velocity of nucleation, velocity of growth, the average means life 

time, the surface repeat distance, the diffusion length, the surface free energy, the atomic volume of 

Pd, the activation and the diffusion energies. 
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Table 1. Calculated of the cluster density (cm
-2

) at different substrate temperatures (K) and deposition 

times (s). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1 shows the variation of cluster density as a function of exposure time at different substrate 

temperatures ranging from 573 K to 1073 K and a constant palladium flux 1x10
13

 atoms cm
-2

. s
-1

. For 

Ts = 573 K and 673 K, we can see that the density of clusters is increasing rapidly after 10 to 70 s (see 

table 1) due to the large adsorption energy for the Pd adatom confirming the  nucleation stage, up to a 

plateau (saturation density) corresponding to ns = 3.10
12

 cm
-2

 and 1.6x10
12

 cm
-2

 respectively. 

A similar behavior is observed for the remaining substrate temperatures till the coalescence 

occurrence, were the cluster density decreases. It is worth to note that the cluster density decreases 

when the temperature increases. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

                      Figure .1 Nucleation kinetics of Pd on MgO (100) for a Pd flux 1x1O
13

 atoms cm
-2

. s
-1

. 

 

 

In Figure 2, the saturation density is plotted in an Arrhenius diagram. It is represented by the equation: 

                                                         ns  =  B0 . exp
E

KTs
 

                                                     (10) 

                                                                                                                                               

When the activation energy E is equal to 0.22 ± 0.05 eV, B0 (preexponential factor) is 3.63x10
10

 cm
-2

. 

We show that ns  increases when the substrate temperature decreases. This behavior is in agreement 

with a recent AFM study for Ag/MgO [20], Au/MgO (100) [21] and our previous studies by TEM [1] 

on the same system. 

Ts  (K) 10 (s) 70 (s) τ c (s) 1000 (s) 

573 9.39305E11 3.02867E12 No 

coalescence 

3.10299E12 

673 4.85012E11 1.56386E12 No 

coalescence 

1.60223E12 

773 2.97145E11 9.58107E11 9.80843E11 6.77174E11 

873 2.03673E11 6.56717E11 6.71283E11 2.59969E11 

973 1.50874E11 4.86474E11 4.98060E11 1.64566E11 

1073 1.18191E11 3.81093E11 3.90260E11 1.19319E11 
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Figure. 2 Arrhenius plot of the saturation density of palladium clusters on MgO (100). 

 

Figures 3 and 4 show the variations of the covered area (A) and the coalescence parameter (B) as a 

function of substrate temperatures obtained under the same conditions. We see that the fraction of 

covered area decreases when deposition temperature increases. An opposite behavior is observed for 

the coalescence parameter. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3: The temperature dependence of the fraction of the covered surface. 
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 Figure .4 Variation of the coalescence parameter (B) as a function of substrate temperatures. 

 

4. DISCUSSION 

From our previous empirical result for Pd/MgO thin film, the initial nucleation curves suggest the 

occurrence of a random nucleation mechanism. The theory of this nucleation process is expressed   by 

the kinetic equations of Zinsmeister [15]. Robinson and Robins [13] have given analytical solutions in 

two limit cases, namely at low and high temperature. In this   work, we focus on the high substrate 

temperatures (regime of incomplete condensation), where the particle number density is given by: 

 

                                                           𝑛 =  𝑛𝑠  tanh 𝑡 𝜏𝑠                                                     (11) 

                                                                                                                                                 

 

When the random nucleation model is used, the calculated curves in the first stage agree well    with 

the experimentally measured time dependencies of island density (see nucleation regime in figure 1) 

[1]. Hence, the curves show a plateau as a maximum particle density reached at the end of the 

nucleation regime characterizing the Volmer-Weber model.  

 

The value of saturation island density is important parameters which determine the mode of thin film 

growth. The linear behavior of the Arrhenius plot observed for the  temperature dependence of the 

saturation density of clusters has been also found in the case of  Ag / Ar-cleaved MgO(100) [20], Au 

/MgO(100) [21] and Pd/ UHV-cleaved MgO(100) [22,23]. 

In the stage of coalescence, the density decrease can be fitted by a simple power law: 

 

                                          𝑛 =  𝑛𝑠    
1+𝑡

𝜏𝑠
 
−

3

𝑚
         with   𝑚 = 7                                (12) 

 

                                                                                                                                                 

The coalescence curves were better fitted with a Cluster diffusion model [14] rather than Ostwald 

ripening model. The most crucial parameter in our results is the coalescence time. It is defined as the 

mean time for two clusters that come into contact to coalesce. From equation (9), we can note that two 

parameters are important to determine the duration of the coalescence stage, which are R and B. One 

can also notice the influence of the deposition temperature, that modifies the clusters coalescence time. 

It is clearly seen that clusters coalesce more rapidly at high temperature [24]. This phenomenon is 
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explained by the process of island migration. The process of island migration in this calculation is 

essentially described by the parameter B. The derived B values from Figure 4 are not high enough 

meaning that the process of island density coalescence is not ignored even at the initial stages of 

deposition [25]. The mechanism of coalescence which can be expected at such a low value of surface 

coverage is the migration of islands on the surface, prior to the mechanism of immobile islands in 

which the coalescence occurs at high values of surface coverage when the islands touch each other 

[26]. The surface coverage does not depend on B parameter, but it strongly depends on the cluster 

density and the shape of the particles.  

The fraction of the substrate covered by the clusters, which is considered as the contact surface of the 

half sphere is a circle can be written as:  

                                                                                   

                                                        A = n   
π  D2

4
                                                             (13) 

                                                                                                                                           

In this range of temperatures, the diameter D of the clusters follows a power law:  Do t
p 

  with 0.33 

<P<0.55. At 573 K and 673 K, our previous experimental work yielded values of  Do to 0.024 nm, D 

equal to 0.80 nm and 0.37 to 0.39 nm respectively [1]. The obtained values are used for the calculated 

curves of the covered area of the substrate surface. As indicated in the last section the cluster density 

decreases when the substrate temperature increases due to the increased ad-atom mobility [16]. In 

addition, we assumed that D is relatively constant with a low error (D/D = 11%). Accordingly, the 

fraction of the substrate covered by the particles decreases and the decrease is more pronounced when 

the coalescence occurs. This behavior is in good agreement with growth rate of the particles in the 

case of the random nucleation theory [27].     

 

5. CONCLUSION 

In the present study, we have simulated the microscopic mechanisms, which can calculate various 

parameters related to the formation of Pd / thin MgO (100) using Fortran software. The formation 

kinetics follows a general scheme consisting of three stages: nucleation, growth and coalescence. It is 

determined that saturation density obeys an Arrhenius law with activation energy of 0.22 eV as a fit 

parameter. It is observed that the variation of island density upon time reaches the saturation. In some 

cases the cluster density decreases slowly after a saturation regime. The latter decrease is interpreted 

via the processes of islands migration .It is shown that the coalescence time and the fraction of the 

substrate covered by the clusters decrease when the temperature increases. Furthermore, the clusters 

coalesce more rapidly when the temperature increases. 
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