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a b s t r a c t

The Gaussian Diffusion Sphere Model (GDSM) was developed and improved to reflect

the effects of gravitational settling as well as Brownian diffusion of aerosol particles on

deposition velocity onto a face-up flat surface in a laminar parallel flow. The model

improvement also includes the applicability of the GDSM to a flat surface of any shape

with finite dimensions. When deposition velocity for a face-up circular flat plate of

45 cm diameter, representing e.g. a semiconductor wafer in a laminar parallel flow, was

calculated by the GDSM and compared with that by the theory of Liu and Ahn (1987).

Particle deposition on semiconductor wafers. Aerosol Science and Technology, 6,

215–224, the agreement was good for the tested particle sizes ranging 0.003–1 mm and

free stream velocities ranging 5–500 cm/s. Based on this result, deposition velocities

onto the face-up square flat plates with different orientations in a laminar parallel flow,

simulating e.g. photomasks, were predicted.

& 2010 Elsevier Ltd. All rights reserved.

1. Introduction

Particulate contamination control in semiconductor manufacturing is getting important with decreasing feature size.
Deposition velocity, which is the ratio of particle flux towards a surface to aerosol concentration above the surface, is used
as a measure of particulate contamination level. Many investigations were performed to predict deposition velocity onto a
free-standing wafer in an air flow perpendicular to the wafer surface, considering top-down air flow from ceiling in a clean
room (Liu & Ahn, 1987; Opiolka, Schmidt, & Fissan, 1994; Otani, Emi, Kanaoka, and Kato, 1989; Pui, Ye, and Liu, 1990; Ye
et al., 1991; Yook et al., 2007a).

In a semiconductor fab, a wafer or a photomask is often transported horizontally by a robot, and there appear many
situations of air moving over the wafer or the photomask parallel to its surface. Contaminant particles can be transported
by the parallel flow and may deposit on the critical surface. After Liu and Ahn (1987), not many studies have been
conducted to predict deposition velocity onto a wafer or a photomask surface exposed to a parallel flow. Engelke et al.
(2007) and Yook et al. (2007b) investigated particle deposition on both a face-down wafer, simulating an Extreme
Ultraviolet Lithography (EUVL) photomask, and a face-up cover plate, when an aerosol from a circular pipe was introduced
into the space between two parallel plates. These studies, however, did not examine the deposition velocities onto the
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parallel surfaces, and the flow pattern was different from that for a horizontally moving flat plate. Yook and Ahn (2009)
proposed the Gaussian Diffusion Sphere Model (GDSM) to predict mean mass transfer coefficient over a flat surface
exposed to a parallel flow in laminar flow regime by considering only Brownian diffusion as particle deposition
mechanism. In the GDSM of Yook and Ahn (2009), however, the effect of gravitational settling of particles was
unconsidered.

An EUVL photomask is vulnerable to particulate contamination, due to the unavailability of pellicles in the EUVL
technology (Asbach, Fissan, Kim, Yook, & Pui, 2006; Yook et al., 2007c). Since the equation suggested by Liu and Ahn (1987)
to predict deposition velocity in a parallel flow is limited to a wafer, i.e., a circular flat surface, Computational Fluid
Dynamics (CFD) simulation needs to be performed and convective diffusion equation should be numerically solved to
estimate the deposition velocity onto a square photomask surface in a parallel flow. The objective of this study is therefore
to develop a simple model, i.e., by improving the GDSM for predicting deposition velocity from parallel flows onto a face-
up flat surface of any shape, which could be circular or rectangular to simulate wafers or photomasks, respectively, in order
to avoid solving flow and aerosol concentration fields, which usually require much time, effort and computational
resources. Laminar flow regime is assumed by considering the wafer/photomask sizes and horizontal transportation
velocities in semiconductor manufacturing.

2. Improvement of Gaussian Diffusion Sphere model by considering Brownian diffusion and gravitational settling

2.1. Deposition velocity onto a face-up flat surface

Gaussian Diffusion Sphere (GDS) is considered as a space within which a particle can diffuse in a certain time from its
initial location as shown in Fig. 1, similar to what was originally proposed by Asbach et al. (2008). Particle displacement
with time is statistically weighted by a Gaussian distribution with the standard deviation (si) equal to the root-mean-
square net displacement by diffusion (Einstein, 1905; Hinds, 1999), i.e.,

si ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
2Dtr,i

q
: ð1Þ

Here, D is the particle diffusivity and tr,i is the residence time of the particle within concentration boundary layer. The
radius of GDS (Ri) is assumed to be multiple times the standard deviation, i.e.,

Ri ¼ nssi, ð2Þ

where ns is an integer to determine the confidence interval. Note that Ri and si are time-dependent. The center of GDS
represents initial particle position at tr,i=0. As shown in Fig. 2, probability of the particle to deposit on the surface by
diffusion, or fij, is predicted by calculating the fraction of probability-weighted volume of GDS overlapping with the surface.
No overlap of GDS with the deposition surface means zero probability of particle deposition (fij=0). Full immersion of GDS
below the deposition surface implies 100% particle deposition (fij=1). When the gap distance between GDS center and
deposition surface is Gij, the probability of the particle to deposit on the surface can be calculated using Eq. (3) based on the
equation suggested by Yook and Ahn (2009). If the center of GDS is located above the deposition surface, i.e., the

Fig. 1. Concept of the Gaussian Diffusion Sphere.
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