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Abstract: A three-dimensional Monte Carlo model was developed to simulate the deposition of
aerosol particles onto horizontal solid surfaces. The random walk method was employed to solve the
particle transport equation, which allowed obtaining the trajectory of particle motion by a combined
mechanism of Brownian diffusion and gravity sedimentation. The particle transport mechanism was
described in terms of a Peclet number (Pe). The local structures of the dust layer, the relationship
between the structure of the dust layer and particle transport mechanisms, and the number of the
particles attached to the solid surface were investigated. The results showed that for a small Pe,
when Brownian diffusion was a controlling mechanism for aerosol transport, the dust layer might
exhibit a more open and looser structure, while for a large Pe, the dust layer was dense and tight. The
differences of deposition morphologies under different transport mechanisms were caused by the
different random intensities of particle motion. There was an upper limit of the maximum number of
particles attached to the surface, and it strongly depended on particle transport mechanisms and size
distributions. Additionally, the deposit morphologies obtained with the 3D Monte Carlo model were
in good agreement with the experimental results found in the literature.

Keywords: aerosol deposition; stochastic model; horizontal surface; particle size distribution;
micromorphology

1. Introduction

The deposition of aerosol particles onto solid surfaces is a common phenomenon in
practice, such as particle deposition on indoor walls, floors and furniture surfaces, worktops
in industrial ultra clean workshops, surfaces of electronic components in a cleanroom, and
other similar planes [1-5]. When aerosol particles are deposited on various surfaces in
indoor environments, they can cause indoor environmental pollution [6,7]. During the
preparation of electronic components and semiconductor wafers, the adhesion and deposi-
tion of aerosol particles will result in many problems such as overvoltage and reduction of
product yield [8]. As the size of the circuit line width decreases, particle contamination be-
comes more critical, especially with respect to nanoscale particles. Since particle deposition
pollution is closely related to the atmospheric environment, under the background of the
aggravation of haze pollution in China’s urban atmospheric environment [9-11], it is vitally
important to study the deposition characteristics of aerosol particles on solid surfaces.

In general, particle deposition onto solid surfaces is affected by several physical mech-
anisms such as gravity, thermophoresis, Brownian diffusion, and electrostatic force [12,13].
Sehmel experimentally investigated the combined effect of diffusion (eddy diffusivities
and Brownian diffusion) and gravity settling over a horizontal smooth surface for particle
sizes from 103 pm to 10> um; the results suggested that both Brownian and eddy diffusion
contributed significantly to the diffusional mass transport [14]. Ounis et al. theoretically
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analyzed the Brownian diffusion deposition of submicrometer particles from a point source
in the viscous sublayer of a turbulent shear flow near a solid smooth wall [15]. It was
found that the Brownian diffusion played a significant role in the diffusion deposition of
submicrometer particles near the wall, and Brownian diffusivity increased as particle size
decreased. Cooper et al. reported that the deposition rate rapidly increased with decreasing
particle size in the range of 0.01-10 um [16].

The effect of gravity toward the surface on particle deposition has been investigated.
The most typical deposition process occurs on the surface of semiconductor wafers in a
cleanroom environment. For example, Liu and Ahn carried out a theoretic calculation for
the particle deposition on horizontal semiconductor wafers in the typical manufacturing
environment of the cleanroom using the equations of convective diffusion and sedimenta-
tion. The results showed that the deposition velocity decreased with increasing particle
size in the diffusion regime and increased with increasing particle size in the sedimentation
regime, with a minimum deposition velocity occurring in the vicinity of 0.2 pm [17]. This
theoretical model for particle deposition was then confirmed by their subsequent experi-
mental investigation [18]. Yiantsios and Karabelas conducted an experimental investigation
for the deposition of micron-sized glass particles on a glass substrate in a horizontal laminar
flow narrow channel, and found that the effects of gravity was important for micron-sized
particles [19]. Recently, Yook et al. analyzed the effects of gravitational settling as well as
the Brownian diffusion of aerosol particles on deposition velocity onto a face-up wafer
using the Gaussian diffusion sphere model (GDSM) [20].

In indoor environments, particle deposition onto indoor surfaces can greatly alter the
indoor particle exposure level; as a result, there is an increasing interest in understanding
the mechanisms controlling particle deposition. Many scholars have conducted a great deal
of research on this issue. For example, Thatcher et al. reported that gravitational settling was
the dominant deposition mechanism for particle diameters greater than 1 um under natural
convection flow conditions based on small-scale chamber tests [21]. Some experiments
were performed in a room with different air flow conditions [22-24]. Various analytical
models have been developed and applied to the estimation of the particle deposition rate on
indoor surfaces [25-27], and found that the particle deposition rate was strongly dependent
upon both particle size and the placement form of the deposition surface (e.g., horizontal
floor or vertical wall).

However, the above studies focus on the analysis of macro parameters such as the
deposition rate and deposition distribution of particles under different deposition mecha-
nisms, and thus fail to give important information such as the micromorphological structure
of solid surfaces after aerosol deposition. Experimental studies have shown that there
are two typical surface depositions, i.e., monolayer deposition and multilayer deposi-
tion [28,29]. During monolayer deposition, the particles only have mechanical contact with
the deposition surface, and the particles are distributed in a sparse and non-uniform state.
For multilayer deposition, the particles not only contact the surface directly, but also contact
with each other, resulting in the deposition morphology being completely different from
the original particles. Therefore, when evaluating the risk of particle deposition pollution or
taking some measures to remove the particle pollution from the contaminated surface, it is
necessary to consider the deposit’s micromorphology and the internal correlation between
the deposition morphology and the deposition mechanism, so as to give a more accurate
risk estimation and adopt a more effective particle removal scheme. In addition, in prac-
tical situations, small particles suspended in a building environment are simultaneously
subjected to Brownian diffusion and gravitational forces; the relative importance of each of
the mechanisms is therefore needed for a deeper understanding.

The aim of the present investigation is to analyze the process of particle deposition at a
micro-level, with consideration of the combination of the Brownian diffusion and gravitational
settling. The calculation model of particle deposition was established based on the diffusion-
convective transport equation, and the particle trajectory was solved by using the random walk
method (RWM). By tracking the spatial and temporal information of the particle movement, the
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physical image of the particle deposition process was dynamically reproduced, and the physical
mechanism of particle deposition morphology evolution and the microscopic characteristics
of particle deposition distribution on the surface were investigated from a microscopic aspect,
which provided the necessary theoretical basis for particle deposition risk estimation and
effective removal technology for particle deposition pollution.

2. Mathematical Modeling

The particle deposition was considered in a box bounded by a two-dimensional deposition
surface of length L, width W, and vertical extent H, as shown in Figure 1. Because of the
complexity of the mechanical behaviors in a real process of particle deposition, including
particle—particle, particle—surface, and particle-airflow interactions, some assumptions were
made as follows: (a) The sizes of the particles were sufficiently small and were also present in a
low concentration, so the particle-particle interaction was negligible. (b) The particle transport
behavior took place under a calm condition, meaning that the influence of air flow on particle
transport behavior could be ignored. (c) Brownian diffusion and gravity sedimentation were
considered as the main mechanisms for particle deposition, so the effects of thermophoresis
and electrophoresis were neglected. (d) The gravity was settled in the y direction, such that the
particle had a migration velocity normal to the deposition surface. (e) The particles entering the
calculation area were assumed to be spherical with the same physical parameters.

Release surface

<=

—
Periodic boundary
(x and z direction) l 8

Motion Probabilities

Deposition surface
Figure 1. Model of aerosol deposition on a horizontal solid surface.

Based on the above physical assumptions, the transport equation for the particle
deposition is given as [30]
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The first three terms in Equation (1) are the diffusion terms in the x, y, and z directions,
and last term is the particle migration term in the y direction. In Equation (1), n is the
number of particles per unit volume at position (x, y, z) and u,, is the migration velocity
due to the gravity at position (x, y, z), known as the particle settling velocity, which can be
obtained from [31]

de;za Cs8
y = —7e— @
18u
where py, is the particle density, dj, is the particle diameter, y is the dynamic viscosity of air,
g is the gravitational acceleration, and C;s is the Cunningham slip correction, which is taken
to be [32]
Cs =1+ —[2.514 4 0.8 exp(—0.55—+)] (©)]
dp A
where A is the mean free path of the surrounding fluid, which can be evaluated from
the expression [33]

A =kT/(V2rd?P) 4)

where d,; is the diameter of air molecules and P is the fluid pressure.
The particle diffusion coefficient, D, used in Equation (1) is calculated by the equation [34]

kgT
D = kTG )
3rtudy
where kg is the Boltzmann constant (kg = 1.380649 x 10723 J/K) and T is the
absolute temperature.

In order to write Equation (1) in a dimensionless form, the dimensionless variables are
introduced as follows:
uyl

, Pe = —

l D

n:n—olx :le: ,Z:

~| N

where 79 is the background particle number concentration and [ is the characteristic length,
which is taken to be unity in the present simulations with the purpose of facilitation in the
definition of Pe.
By multiplying both sides of Equation (1) by I?/(Dny), it may be rewritten in a dimen-
sionless form as
?’n*  *n*  Pn* on*

ax*Z + ay*Z + aZ*Z - 6@ =0 (6)

In the Monte Carlo simulation for particle deposition, the particle motion probabilities
are derived from the macroscopic conservation equation, i.e., Equation (6). Now, letting
ox, oy*, and 6z* be the step size in the x, y, and z directions, respectively, then the discrete
version of Equation (6) can be converted by the differential operators as follows:

gz: = (Myyz = Ny_1,,2)/6x" @)
g;: = (”;y,z - n;,y—l,z)/(sy* (8)
R Vs o
% = (M3 1yt Mgy — 205y0) /002 (10)
= (Myy—1z2+ Ny —203,.)/ Sy*? (11)

ay*Z
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on*
022 = (n;kc,y,z—l + n;,y,z+1 - zni,y,z)/(sz*z (12)
By substituting Equations (7)—(9) and (10)—(12) into Equation (5), and imposing the
condition of 5x" = dy" = 6z" = 1, we obtain
nt o= n;Jrl,y,z + n;kcfl,y,z + n;,y+1,z njc,yfl,z(l + Pe) n;/y,z+1 I n;’y/271
W 6+Pe  6+Pe  6+DPe 6 + Pe 6+Pe 6+ Pe

(13)

If we apply the relationship between particle concentration and probability of a particle
moving in three-dimensional spaces to Equation (13), the probability of the particle moving
in the six directions is [35,36]

_ 1 _ 1 _ 1
Pey1,y2 = ggper Pr1,y2 = 51per Pryt12 = 5per

1

1+-P. 1 (14)
. e — .
Py, y—Llz = &+Pe’ Py, yz+1 = &¥Pe’ Py, yz—1 = &¥Pe

As can be seen from Equation (14), the motion probabilities depend upon the Peclet number
(i-e., Pe). Under the limiting condition of Pe — 0, the transport probability of particles in each
direction will be 1/6, and the deposition behavior is reduced to the well-known diffusion-limited
deposition [37,38]. On the other hand, for the case of Pe — oo, the diffusion effect is negligible,
and the gravity sedimentation is the dominant transport mechanism. In the middle region,
the particle’s motion is controlled by a combination of the particle diffusion and the gravity
sedimentation. The Pe can therefore be used to describe the relative importance of these two
transport mechanisms (i.e., diffusion and gravity sedimentation).

In the Monte Carlo simulations, the particles were sequentially released from the
release surface y = H, and the x and z coordinates of the particle were chosen randomly
using a uniform random number generator. Once the initial position of an approaching
particle was determined, its trajectory could be obtained from the motion probability
given by Equation (14). When the particle moved out of the sidewalls of the box, periodic
boundary conditions were invoked. When the distance between the center of the particle
and the deposition surface was less than a particle radius or when the distance between
the approaching particle and any deposited particles was less than the sum of the two
particles’ radii, the particle was considered to be deposited. A more detailed description of
the simulation procedure can be seen from the flow chart (Figure 2).
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Note: Ng denotes the number of particles deposited on surface directly.

Figure 2. Schematic of the simulation algorithm for particle deposition on surface.

3. Results and Discussion

Considering the diversity of the sources of suspended particles in the actual indoor
environment, the physical characteristics of the particles (particle size, particle density and
size distribution, etc.) were also different [39,40], so two particle size distributions were
selected as representatives to investigate the deposition behavior of polydisperse particles.

As mentioned earlier, the Pe represents the relative intensity of the particle’s gravity
sedimentation and Brownian diffusion motion. This study focused on the effects of these
two motion intensities (i.e., Pe) on the particle deposition behavior. The physical parameters
that affected the gravitational settling, such as particle density, ambient temperature, and
gravitational acceleration, were included in the numerator term of the Pe expression, and
the parameters related to the diffusion motion were included in the denominator term.
For the convenience of discussion, Table 1 presents the gravitational settling velocity
uy, diffusion velocity vgq, and the corresponding Pe. The u, and vq were calculated by
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Equation (2) and Equation (5), respectively, and the parameter values for the calculations of
u, and vq were as follows: the particle density p, = 2000 kg/m3, the dynamic viscosity of air
# = 1.85 x 10° Pa-s, and the gravitational acceleration ¢ = 9.8 m/s?. The particle size
distributions used in the simulations are listed in Table 2.

Table 1. Deposition velocity of aerosol particle with different sizes and Peclet numbers under standard
conditions (T = 273.15 K, P = 101.325 kPa).

Particle Diameter Diffusion Velocity Gravitational Sedimentation Pe
(um) (m/s) Velocity (m/s)
0.1 0.0024416 0.0000006 0.0002
0.2 0.0006104 0.0000024 0.0040
0.5 0.0000977 0.0000151 0.1548
1.0 0.0000244 0.0000605 2.4764
2.0 0.0000061 0.0002419 39.622
2.5 0.0000039 0.0003779 96.733
3.0 0.0000027 0.0005442 200.58
5.0 0.0000010 0.0015116 1547.7
8.0 0.0000004 0.0038697 10143
10.0 0.0000002 0.0060464 24763
Table 2. Simulation cases considered in this study.
Cases dy1 (um) dys (um) Py (%) Py (%) L (um) W (um)
Case 1 1 - 100 - 200 200
Case 2 1 2.5 80 20 200 200
Case 3 1 2.5 50 50 200 200

Note: dy; and dps denote the diameters of small-sized and large-sized particles, P; and P, denote the proportion
of small-sized and large-sized particles in the total particle number, and L and W denote the length and width of
the deposition surface.

3.1. Validations of Computational Method

The numerical model used in this study was validated against the experimental
observations given by Krinke et al. [41], and the results are shown in Figure 3. The
deposition morphologies were created by the deposition of 30 nm indium particles on
a silicon oxide surface. The particle number density N, (i.e., the amount of particles
per micrometer squared) on the upper image and on the lower image was 100 um~2 and
420 um~2, respectively. On the right-hand side, scanning electron microscope (SEM) images
of two samples are shown. On the left-hand side, the corresponding images obtained
with the present computer simulation are plotted. Both the experimental and theoretical
deposition morphologies showed the same characteristics. At a low particle number density,
the particles were distributed mainly randomly. A few agglomerates consisting of up to
four particles could be found, but most of the particles were not agglomerated. An increase
of particle number density led to a formation of relatively large agglomerates and a few
single particles. In this context, a single particle was a particle which was not in contact
with another particle.

A quantitative comparison between the experimental results and computer simula-
tions is shown in Figure 4. It was based on the evaluation of the amount of single particles
on the deposition surface which could be easily detected on the SEM images. The ordinate
in the figure represents the ratio between the amount of single particles per unit area
Nsingleparticle to the total amount of particles per unit area Nr,, and the abscissa is the
particle number density. Two sizes of particle were used in this comparison, i.e., d, = 30 nm
(left diagram) and 50 nm (right diagram). Three independent results from the present
computer simulation are presented, since the particle deposition process was characterized
by randomness. It can be seen that the ratio N singlepﬂrticle/N Total Tapidly decreased as the
particle number density N, increased, and the results obtained with the 3D Monte Carlo
model were in good agreement with the experimental data. The verifications confirmed
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that the proposed stochastic simulation model is capable of simulating particle deposition
and then providing particle deposition morphology.
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Figure 3. Comparison of experimentally determined particle deposition morphologies with the results
of the computer simulations: (a) particle number density N, = 100 pum 2 and (b) Ny =420 pum 2,
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3.2. Morphological Characteristics of Deposits

Figure 5 shows the morphological structure of the deposits under two particle size dis-
tributions with different Pe. In order to clearly show the micromorphological structure of the
deposits, only the deposits on the deposition surface with an interval of 200 um x 200 pm
are presented.

(a) Case 1 (b) Case 2 (c) Case 3

=0. Pe=0.2

Pe=10

Pe=1000

Figure 5. Deposition morphologies at different Pe for three kinds of particle size distributions:
(a) Case 1; (b) Case 2; and (c) Case 3.
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The particle deposition morphologies of three kinds of particle size distributions
(Case 1, Case 2, and Case 3) showed the same characteristics. With the increase of Pe, the
deposition morphologies evolved gradually from the loose floc structure to a tight packing
one, and no deposit collapse caused by the existence of large particles was observed.

Figure 5 also shows that in the case of a small Pe (Pe < 1), the number of particles
directly deposited on the surface was lower, and more particles were deposited on the
deposited surface and formed a dust floc structure with a large spatial scale. In the case
of large Pe (Pe > 100), the number of particles directly deposited on the surface increased
significantly, and the accumulation of the deposits was relatively tight. Therefore, the
particles in the upper layer of the deposits were more likely to be resuspended, while
the particles in the sedimentary layer were less likely to be suspended due to the lower
shear force of the airflow. In addition, the particle distribution on the surface showed
nonuniformity under different Pe, and some local areas of the deposition surface had more
particles deposited, while some areas had no particle deposition.

In order to explain the physical mechanism of the difference of deposit morphology
and structure under different Pe, the particle trajectories for different Pe were calculated and
the results are shown in Figure 6. It can be seen that when Pe = 0.2, the particle trajectories
showed strong random walk characteristics. Due to the strong random movement of
particles at small Pe, once particles were deposited onto the surface, the deposited particles
had a greater probability of colliding with the subsequent random moving particles than
in other areas that had not had particles deposited onto them. Therefore, it was very easy
for the deposited particles to form a larger-scale dust floc structure; when Pe = 100, the
particle trajectories were straight, the diffusion effect almost disappeared, and the spatial
distribution of the particles was uniform, while for medium Pe (e.g., Pe = 1 and 10), the
deposit morphology exhibited a transitional structure.

Pe =100 Pe=1000

Figure 6. Trajectories of particles motion with different Pe.
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3.3. Number of Particles Deposited on the Surface

From the morphological structure of the deposits shown in Figure 5, it could be
intuitively observed that the number of particles directly deposited onto the surface was
different at different Pe. When evaluating the possible damage and potential corrosion
of the deposition surface caused by particle deposition, more attention should be paid to
the number of particles that keep in contact with the surface; therefore, the relationship
between the number of particles directly deposited on the surface and the particle transport
mechanism as well as particle size distribution will be discussed below.

Figure 7 demonstrates the quantitative relationship between the number of particles
N deposited directly onto the surface and the number of released particles N at different
Pe, where Ng represents the particles on the deposition surface of 40 pm x 40 pm. The
monodisperse particle deposition (i.e., Case 1) is shown in Figure 7a, and the polydisperse
particle depositions (i.e., Case 2 and Case 3) are shown in Figure 7b,c, respectively.

(a) Casel
800
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Figure 7. Relationships between the number of the particles deposited on the horizontal surface Ng
and the number of the released particles Ng: (a) Case 1; (b) Case 2; and (c) Case 3.

For the case of monodisperse particle deposition (see Figure 7a), in the initial stage of
deposition, the number of particles Ng directly deposited on the surface increased rapidly
with the number of released particles N, and then the increased rate slowed down and
finally maintained a certain value (called the maximum number of particles deposited on
the surface, Ng max), and this value increased with the increase of Pe. For example, when
Pe = 0.2, Ng max = 240, and when Pe increased to 1000, then Ng max = 572; these simulation
results are consistent with the observed results of the deposit morphological structure
shown in Figure 8a.
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Figure 8. Deposition distributions of particles on deposition surface under different Pe for three kinds
of particle size distributions: (a) Case 1; (b) Case 2; and (c) Case 3.

The abovementioned relationship between Ng and N also reflected that, in the initial
stage of deposition, all the approaching particles could be directly deposited onto the
surface, and there was no mutual accumulation of particles. This stage was therefore
called monolayer deposition (gray area in Figure 7). In the monolayer deposition stage,
the relationship between Ng versus Ng was approximately linear and hardly affected
by Pe; with the increase of the number of particles deposited on the surface, the mutual
accumulation between particles became more significant, and more particles tended to
be deposited on the already deposited particles, so the deposition behavior gradually
evolved to multilayer deposition. In the later stage of the deposition process, Ng no longer
increased with the increase of N, which indicated that all the particles involved in the
deposition events were deposited onto the previously deposited particles. The deposition
surface was no longer in contact with new particles, and this stage was called the multilayer
deposition stage. The intermediate stage between these two stages could be regarded as a
transition stage.

The results in Figure 7 also show that in the case of polydisperse particles, the transport
mechanisms (i.e., Pe) still played a dominant role in the particle deposition behavior.
Comparing the results of Figure 7a,b, it can be seen that after adding 20% large particles
(dp = 2.5 um) in the original single particle size distribution (d, = 1 um), the curve of N
versus N in the case of Pe = 1 was very close to the results of Pe = 0.5, meaning that the
number of particles deposited onto the surface directly was almost the same for these two
Pe, as shown in Figure 8b. However, when the proportion of large particles in the particle
group reached 50%, no results similar to those in Figure 7c were observed. On the contrary,
the increase of the number of large particles made the deposition behavior shift towards
the large Pe. For example, the relationship for Ng versus N at Pe = 1 was close to the
result at Pe = 100. This phenomenon can be observed from the deposition morphologies
in Figure 8c.

It can be seen from the above simulation results that no matter what the conditions of
particle deposition were, the number of particles directly deposited onto the surface had an
upper limit (i.e., the maximum number of particles deposited on the surface, Ngmax), and
this upper limit was related to both the transport mechanism and particle size distribution.
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In order to clearly describe the relationship between Ng a1« and the transport mech-
anism (i.e., Pe), Nsmax Was plotted as a function of Pe for three kinds of particle size
distributions, as shown in Figure 9. The results show that in the range of 0.2 < Pe < 100
(gray area in the Figure 9), N5 max Was sensitive to Pe for the three particle size distributions,
i.e., Ng,max increased with the increase of Pe, while in the range of Pe < 0.2 to Pe > 100,
Ns,max had almost nothing to do with Pe.

600

500 [-

100

0.01 0.1 1 10 100 1000 10,000
Pe

Figure 9. Relationships between maximum number of particles attached to the surface Ng,max and Pe
for three kinds of particle size distributions.

4. Conclusions

The deposition of aerosol particles onto horizontal solid surfaces by the combined
mechanisms of Brownian diffusion and gravity sedimentation was studied by using three-
dimensional Monte Carlo simulation techniques. Based on the results and discussion, some
conclusions are summarized as follows:

(1) The particle transport mechanism was the determinant factor that affected the mor-
phological evolution of particle deposits on the solid surface. With the increase of
Pe, the deposits gradually evolved from a loose dust floc structure to a relatively
compact packing structure, while the effect of particle size distribution on the deposit
morphology only played a role in a certain range of Pe.

(2) The characteristics of particle trajectories under different transport mechanisms were
the physical essence of the evolution of the deposit morphology. In the case of a small
Pe (Pe < 1), the particle trajectories exhibited a strong random walk characteristic;
when Pe > 100, the particles almost moved in a straight line; and for a medium
Pe (1 < Pe < 100), the randomness of the particle trajectories was between these
two cases.

(3) According to the time series of the particle deposition process, it could be divided
into monolayer deposition, transitional deposition, and multilayer deposition. In
the monolayer deposition stage, the particles were completely deposited on the
surface, while in the multilayer deposition stage, all particles were deposited onto the
previously deposited particles, and the deposition surface no longer captured new
particles regardless of the deposition conditions.

(4) There was an upper limit for the number of particles directly deposited onto the sur-
face (i.e., the maximum number of particles deposited on the surface), and this upper
limit was related to the particle transport mechanism and particle size distribution.
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