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ABSTRACT 

In this study, aerosol deposition of nanoparticles on flat surfaces has been investigated by Langevin dynamics (LD) 
accounting for Brownian’s diffusion and a fix translational velocity. The particles are assumed to drop one at a time and 
had a monodisperse size distribution. The detailed morphology of the nanoparticle films was investigated as a function of 
Pe number, the ratio between Brownian and translational displacement for different structural constrains. The porosity 
was reduced with increasing Pe number from the diffusion to ballistic deposition limit. It was found that the simulation 
constrains have a substantial impact on the resulting film structural properties. This was attributed to the multi-scale 
porosity of these aerosol-deposited films. 
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INTRODUCTION 

Highly porous films of nanoparticles have shown potential for several technologies such as batteries [1], dye sensitized 
solar cells (DSSCs) [2], sensors [3] and catalytic [4] applications. Recently, chemo-resistive gas sensors made of metal 
oxide semiconductors have been used as detectors in breath analysis [5]. The sensing properties of these sensors can be 
drastically improved by reducing their size to the nanoscale [6-8]. It has been reported that the sensitivity of SnO2 sensors 
to 1000 ppm ethanol was triplicated by changing the grain size from 35 to 10 nm [9]. The sensing films can be 
categorized in to three groups: dense, compact and porous films [15]. High porous films are advantageous for gas sensors 
because the gas molecules can diffuse effortlessly into the detector and chemical interactions can easily occur between 
the gas and the sensor surface [100, 11]. Nanoparticle generated in aerosol reactors can be directly deposited on sensor 
substrates to rapidly produce uniform and highly porous films. Aerosol deposition leads typically to highly porous 
morphologies [11]. There are several possibilities to form nanoparticle films by aerosol deposition. Among others, a hot 
aerosol of nanoparticles produced by a flame reactor can deposit thermophoretically on a cooled substrate resulting in the 
rapid growth of highly porous films [12, 13]. 
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Engineering of the sensor properties to produce highly performing devices requires an advanced understanding of multi-
scale phenomena such as particle-, fluid- and molecule-dynamics. Here, modeling of the particle deposition dynamics is 
performed assuming spherical mono-disperse particle. The effect of different conditions on the film properties such as its 
porosity is investigated. Several works have been investigated the film assembly by controlling particle transports and 
chemical reactions [14]. Rodriguez et al [15] studied the simulation of particle deposition by an on-lattice Monte Carlo 
model over a planar flat surface. In 2006, Madler et all [11] reported the deposition of single and agglomerated particles 
based on the Langevin equation of motion. Agglomerate deposition of nanoparticles was able to generate films having 
higher porosities in comparison to the deposition of single spherical particles.  

In this paper, the simulation of single particle deposition on a flat substrate has been investigated. The variables were the 
film thickness and Peclet number. The Pe number was varied from 10-7 to 100. The impact of these deposition 
parameters on the simulating of film morphology was investigated.  

MODEL OUTLINE 

The particles are assumed to move due to the Brownian motion and with respect to an external forces acting on the 
particle. The external force resultant is assumed to be constant in time for each simulation and is functional to the 
translational velocity towards the deposition surface. The particle movement is determined by using the Langevin 
equation of motion|: 

mv = -f(v-w) + F + X (1)
 
where m is the particle mass, v is the particle velocity, f is the friction factor, w is the fluid velocity, F is an external 
force and X is a random Brownian force. Change in translational velocity due to particle size and morphology is 
neglected. Interactions between particle-particle and particle-surface such as van der Waals and electrostatic forces are 
neglected. The particle deposition mechanism is controlled by the diffusion or translational velocity of the particle 
ranging from diffusion to the ballistic limit regime. The particles are assumed as monodisperse with a constant diameter 
of 50 nm and density of 1 g/cm3 at 298 ºK. The particles are assumed to deposit one at the time. The first particle drops 
from a specific height, therefore it goes through an empty domain where no deposition is allowed and the particles reach 
a random distribution. The next particle is released after deposition of the previous one. Deposition happens when a 
particle touches another particle or the deposition surface.  

 

RESULTS AND DISCUSSION 

Figure 1 and 2 show the porosity of films made of single spherical particles (50 nm in diameter) as a function of their 
thickness with Peclet number (Pe) of 100 and 10-7. The dimensionless Pe number is defined as following: 

Pe = 	 (d 2)⁄ 	vD  
(2) 

where d  is the particle diameter, v is the velocity and D  is particle diffusivity [11]. Therefore, the Pe number is the 
ratio of the definite particle motion to the indefinite particle random walk [15]. At small Pe, the particle transport is 
dominated by diffusion (diffusion limit) and very porous film is expected. In contrast, when the Pe number is larger than 
1, the translational velocity is dominant (ballistic limit) leading to more compact films.  
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Figure 1: Film porosity for deposition of single spherical particles (50 nm in diameter) at a Pe of 100 as a function of the 
film thickness for 5 different simulations. 

 

Figure 1 shows the film porosity as a function of film thickness for several simulations. There are strong variations in the 
simulated porosity in the initial stage of deposition. This is due to the small number of particles deposited (Fig. 1 insect 
b). In fact, at this stage if the particle deposits on the film surface or on a deposited particle, it changes drastically the 
particle deposition dynamics. Deposition on the top of the deposited particle leads to the growth of fractal-like branch 
structures that have low density. Upon deposition of 1 µm a considerable number of particles deposited on the surface 
resulting in a more reproducible morphology. At this stage, the total porosity and morphology will not change 
significantly as a function of deposition place of the particle. As a result at higher film thickness, the change in porosity 
is less sensible to fluctuations.  

Figure 2 shows the same mechanism takes place at lower Pe number (10-7). These results show that for all film 
thicknesses, the porosity of the film is higher for small Pe number than for large ones. It increases from 0.880 to 0.975 
with Pe increasing from 100 to 10-7. The 3D morphology of the films is shown in Figures 1 and 2 for several film 
thicknesses (0.2, 0.4 and 1.5 µm). They visualize further that the porosity of the deposited film decreases with increasing 
the number of deposited particle. Furthermore, this porosity is higher at smaller Pe numbers due to the particle deposition 
mechanism. The particle deposition morphology is tree-like at a Pe of 10-7 leading to higher porosity compared to bush-
like deposition at a Pe of 100. 
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Figure 2: Film porosity for single spherical particles (50 nm in diameter) at a Pe of 10-7 as a function of the film thickness 
for 5 simulations. 

 

At larger Pe number (Pe = 100), the number of deposited particles at given thickness is higher than at smaller Pe (Pe = 
10-7). In fact, at small Pe the particle transport is dominated by diffusion. For this case, the deposited film grows with the 
fractal-like structure. In contrast, when the Pe number is large, the translational velocity is dominant (Ballistic limit). In 
this regime, the particles have high translational velocity pile-up with more density. Therefore, more particles are 
required to be deposited to reach the same thickness in the ballistic limit than in the diffusion one. In the diffusion 
regime, particle displacement is dominated by Brownian diffusion and particles have nearly zero translational velocity. 
As a result, the composed film has tree-like structure with the highest possible porosity. For example, the number of 
deposited particles at a thickness of 0.2, 0.4 and 1.5 µm is 200, 650 and 2590 particles at a Pe of 100 and 75, 290 and 
747 particles at a Pe of 10-7.  

Figure 3 shows the average film porosity for single spherical particles as a function of the thickness with increasing Pe 
numbers from 10-7 to 100. The porosity decreases with increasing the film thickness for all Pe numbers. These drops are 
accentuated in the beginning of the deposition and level-off at thickness higher that 1.2 µm. Moreover, at a constant 
thickness the porosity decreases by transition from diffusion to ballistic limit. However, the porosity variation is 
negligible with increasing Pe number from 10-7 to 10-2 (~0.975). While, the film porosity drops rapidly to 0.87 at Pe 
equals to 10. Increasing the Pe number to 100 results in the same porosity (0.87).   

Figure 4 shows the three-dimensional nanoparticle network at a final thickness of 1.5 µm and Pe numbers of 10-7 to 100. 
These morphologies show the porosity variation during the transition from the diffusion to the ballistic limit. It can be 
seen that the deposition mechanism is tree-like for the Pe number ranging from 10-7 to 10-2. However, at higher Pe 
number the deposition mechanism changes form tree-like to bush-like. Consequently, the number of deposited particles 
increases which leads to lower final porosity. 
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Figure 4: Three -dimensional visualization of the nanoparticles deposition (50 nm particle size) at the
same thickness (1.5 µm) and different Pe number.

 
Figure 3: Average film porosity for single spherical particles (diameter of 50 nm) as a function of the thickness 
with increasing Pe numbers from 10-7 to 100. 
 

Figure 4: Visualization of the nanoparticle films (50 nm particle size) at a thickness of 1.5 µm as a function of the Pe 
number. 
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Conclusions 

Porous films made of nanoparticle deposition have recently found several applications as solar cells and sensitive gas 
sensors. In this research, the morphology and evolution of the deposited film structure were investigated by Langevin 
dynamics. The results showed that the highest porosity was obtained for low Pe numbers where particle transport was 
dominated by diffusion and the lowest porosity was at high Pe numbers (ballistic regime) where the translational velocity 
is dominant. By transition from diffusion to ballistic limit, the deposition mechanism of the nanoparticles changes from 
tree-like at lower Pe number to bush-like at higher ones. This different deposition mechanism changes the number of 
deposited particles required to reach at the same thickness. The number of deposited particles at 1.5 µm thickness 
increases from 747 to 2590 for Pe increasing from 10-7 to 100. 
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