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With the decrease in feature size in semiconductor manufacturing, molecular 

contamination problems are increased significantly. In order to optimize the yields in 

wafer fabrication units there is a need for process modeling that addresses the details of 

wafer contamination.  Wafer contamination and cleaning is a complex process that covers 

various length and time scale events and phenomena.  At the largest scales, there is the 

availability and transport of specific species within the fabrication unit and subsequent 

contamination of the wafer surface either through processing steps or through simple 

ambient transport processes.  To limit wafer contaminant levels and/or to decontaminate 

them, wafers in the semiconductor fabrication unit are often cleaned and transported in a 

closed enclosure called Front Opening Unified Pod (FOUP) and purged with an inert gas 

like nitrogen.   For the FOUP geometry, I analyze the large scale process modeling 

approaches to cleaning wafers.  At smaller scales, the specific molecular configuration of 

the contaminant species impacts the kinetic chemical-physical cleaning mechanisms.  To 

determine, from a fundamental perspective, the mechanisms contributing to wafer 

cleaning requires different scale tools from transport tools aimed at characterizing 

equipment scale (e.g., FOUP) contamination issues.  I use molecular dynamics models 

and optimization techniques to infer physicochemical rates for molecular desorption on 
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wafer surfaces.  This dissertation considers these problems from a common perspective.  

The objective of this study has been to characterize the multi-scale problem of wafer 

cleaning with the objective of developing appropriate tools and models at different scales 

to best predict the dynamics of contaminant removal from wafer surfaces. A standardized 

method has been presented to extract kinetic rate parameters using molecular dynamics 

simulation (smaller-scale) and optimization for use in a larger-scale model of wafer 

decontamination using computational fluid dynamics (CFD). Also, by using available 

experimental data and CFD analysis an optimized FOUP purging recipe for better 

decontamination is presented and the relative magnitude of the time scales associated 

with surface kinetics and FOUP purging have been estimated. 
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Chapter 1. Introduction 

BACKGROUND AND MOTIVATION 

Surface reactions are omnipresent in nature and play a key role in many fields of 

natural sciences and underlie a number of extremely important processes. Today, surface 

reactions play an important role in numerous technologies including the production of 

fuels, the disposal of noxious chemicals, the corrosion and lubrication of materials, the 

processing of metals and ceramics, and the production of photographic films
1
. Given the 

importance of surface reactions, it is not surprising that they have a long and 

distinguished history. The first published study can be found as early as 1775 when 

Priestly
2
 discovered that ethanol could be decomposed over a hot copper surface to yield 

tar and water. 

Recently, a great deal of work has been devoted to the study of the kinetics and 

mechanism of reactions catalyzed by solid surfaces. This subject is of great technical 

importance, since most reactions which are usually slow occurring have been found to 

occur at faster rate in presence of solid surface. Moreover, 90% of all chemicals 

produced
1
 today are a direct result of heterogeneous catalysis. In a surface catalytic 

process, the reaction occurs repeatedly by a sequence of elementary steps that includes 

adsorption, surface diffusion, the chemical rearrangement and the desorption of the 

products. The microscopic processes of adsorption and desorption are sometimes 

collectively termed as macroscopic “adsorption” where in the transition of the  molecule 

from the surface to the bulk phase or towards the surface from the bulk phase is 

interpreted as a same phenomenon
3
. There are two types of adsorption. In the first type 

the forces are physical in nature and adsorption is relatively weak and occurs due to the 

non balance of physical forces at the solid-fluid interface. This phenomenon is called 

physisorption. In the second type of adsorption the adsorbed molecules are held to the 
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surface by strong covalent forces and the heat evolved is relatively higher than 

physisorption
4
. This process is termed as chemisorption. While chemisorption process is 

quite complicated and involves the understanding of electronic degrees of freedom of the 

solid and the adsorbate, physisorption is fairly simple and can be explained by a simple 

surface potential. If gas particle approaching the surface of the solid rids itself of enough 

energy within the attractive region of the surface potential, it gets trapped and descends 

into the bottom of the surface potential well. In the absence of external factors, the 

thermal motion of the solid lattice provides energy to the adsorbed gas particle to 

eventually get desorbed from the surface
5
.  

One of the most recent motivations for advancement of surface science and study 

of adsorption is the semiconductor industry. Greater demand is placed on precision 

engineering and the quality of sub-components in electronics. The need for smaller 

structures and thinner layers in semiconductor manufacturing directs attention towards 

yield-affecting influences in the manufacturing environment. With this decrease in 

feature size, molecular contamination problems are increased significantly
6-13

. The 

adsorbed contaminants could be airborne or could also be imbedded on the surface from 

the previous manufacturing processes. Once adsorbed, these contaminants have been 

found to affect the product yield and degrade the electrical properties in a variety of 

ways
14-17

. For instance, organic species adsorbed on wafer surfaces have proven to induce 

surface defects such as increased surface roughness, formation of haze, streaking, damage 

to epitaxial growth, and degradation of the gate oxide integrity
18-22

.  

 To limit these contaminant levels, the wafers in the semiconductor 

fabrication unit are often transported in a closed enclosure called Front Opening Unified 

Pod (FOUP). These enclosures can still contain a significant amount of contamination 

with the potential to damage the wafers
23-26

. The most typical way to keep the 
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contaminant level inside the FOUP under control and thereby limiting the silicon wafer 

surface contamination is to purge the FOUP with an inert gas like nitrogen. The nitrogen 

purge expels air, moisture and organic contaminants inside the FOUP. In addition, it is 

also used to passivate the exposed copper surface, which is part of the top layer of the 

silicon wafer surface. A typical FOUP is shown in Figure 1. The door has been removed 

to get a better view of the interior. The inlet and outlet can be seen on the bottom surface 

of the schematic. 

 

Figure 1.1: Schematic of a typical FOUP with door removed 

To understand the species transport better, consider a silicon wafer exposed to a 

single contaminant species. The contaminant species will react with the wafer surface and 

the transport process usually occurs in five consecutive steps as follows
1
: diffusion of the 

reactant molecules to the surface, adsorption of the gases on the surface, reaction on the 

surface, desorption  of the products and diffusion of the desorbed products into the main 

body of the gas. Diffusion of gases happens at considerably lower activation energy than 
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the adsorption and desorption processes. The slower processes are the adsorption and 

desorption processes. Also, for all practical purposes it is very difficult to separate the 

steps (3) and (4) and hence reaction on surface and desorption is considered as a single 

step. Overall, the deposition kinetics of contaminant species on the silicon wafer surface 

is limited by adsorption processes and desorption processes and need special 

consideration if such a system has to be studied using modeling techniques. Utilizing 

computational fluid dynamics (CFD) techniques and known rate parameters at which 

adsorption and desorption are happening, one can predict the transient surface 

contamination on the silicon wafer surface. Though some experimental data exist for 

deposition kinetics, it is not enough to predict the surface contamination behavior for a 

wide variety of organic contaminant species that exist in the semiconductor fabrication 

units. Either experiments have to be conducted and optimization techniques have to be 

used to infer kinetic rates or alternatives must be developed to estimate these rate 

parameters. One such alternative could use molecular dynamics (MD) to model the 

interaction between silicon wafer surfaces and different organics species of interest in 

order to estimate the kinetic rate parameters. The present study focuses on standardizing a 

method to extract kinetic rate parameters using molecular dynamics simulation (smaller-

scale) and optimization for use in a higher-scale model like CFD analysis of FOUP to 

predict transient surface decontamination processes. Even though organic species can be 

chemisorbed (strong bonds) on the silicon wafer surface, this study has been limited to 

physisorption (weak van der Waals forces) only. In most surface deposition cases, the gas 

molecules are physisorbed on the surface first and then might get chemisorbed. In other 

words, physisorption can be seen as the initial stage of chemisorption. We intend to 

develop a methodology to study nitrogen purging wafer decontamination. 
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In the past, some work has been done to study physisorption on single-wall 

carbon tubes using molecular dynamics
27-29

. Godo et al
30

 used molecular mechanics, 

molecular dynamics, Monte Carlo method and computer graphics to investigate the 

adsorption process of chemical contaminants on silicon wafers. Godo defined the 

adsorption energy of a chemical contaminant on silicon wafer as function of the total 

energy of the adsorption state, the total energy of silicon wafer and the total energy of 

chemical contaminant. The method used in this study varies significantly from the one 

used by Godo. While Godo considered a single molecule at a time and noted its energy 

evolution as it approached the wafer surface, the initial configuration in this study has 

multiple contaminant molecules adsorbed on the silicon wafer surface and desorption of 

these molecules with time has been used to calculate the desorption rate. I believe that 

real time effects have been included for first time while calculating the desorption rate on 

silicon wafer surface.      

    

OVERVIEW OF COMPUTATIONAL APPROACHES 

Computational Fluid Dynamics for Equipment Scale Transport 

Two software packages Fluent
31

 (for CFD analysis with surface reactions) and 

DL_POLY_2
32

 (for molecular dynamics simulation) were used in this study. Both of 

these codes have been extensively used in their respective fields and have been verified 

and validated for numerous applications. Next, a brief background of these computational 

tools will be provided before discussing the steps undertaken to achieve the goals using 

the same.   

Fluent is one of the most commonly used CFD tool in engineering. It solves 

conservation of mass, conservation of momentum and conservation of energy equations 
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to obtain approximate computer-based solutions for variety of engineering problems. The 

continuous domain is replaced by a discrete domain created using Gambit
33

. Gambit 

creates a 3D mesh which can be easily imported to Fluent with well-defined boundary 

conditions. Essentially, the mesh consists of smaller volumes called “cells” which added 

together form the actual computational domain. The governing partial differential 

equations and boundary conditions are defined in terms of the continuous variables and 

are approximated in discrete domain in terms of discrete variables, which forms a large 

set of coupled algebraic equations in the discrete variables. Solution to these equations is 

the approximate solution to the continuous problem. Fluent uses the finite-volume 

discretization technique in which the integral form of the conservation equations are 

applied to the control volume defined by a cell to get the discrete equation for the cell. 

The code is finding a solution such that mass, momentum, energy and other relevant 

quantities are being conserved for each cell. Also, the code directly solves for values of 

the flow variables at the cell centers; values at other locations are obtained by suitable 

interpolation. The user has to define the physical models, boundary conditions, material 

properties and the convergence criterion.  

Fluent can model the mixing and transport of chemical species by solving 

conservation equation describing convection, diffusion, and reaction sources for each 

component species. Multiple simultaneous chemical reactions can be modeled which can 

be volumetric or at the wall. Fluent predicts the local mass fraction of each species, Yi, 

through the solution of a convection-diffusion equation for the i
th

 species. 

 
      

  
                              

         (1.1) 
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where Ri is the net rate of production of species “i” by chemical reaction, Si is the rate of 

creation by addition from the dispersed phase plus any used-defined sources, v is the 

velocity,  is the density and Ji is the diffusion flux of species i, which arises due to 

concentration gradients given by, 

 

               

(1.2) 

where Di is the mass diffusivity. The rates of the reactions are computed using laminar 

finite-rate model which neglects the effects of turbulent fluctuations. The net source of 

chemical species i due to reaction (Ri) is computed as the sum of the Arrhenius reaction 

source over all the reactions in which the species participates. The gas phase reactions 

were neglected in this study and hence Ri was zero. Also, there were no user-defined 

sources (Si = 0). 

Boundary conditions for the wall surface reactions in Fluent reduce to the following:  

 

  
   

  
                            

(1.3) 
  

  
                           

 (1.4) 

where D is the mass diffusivity, Cw is the gas concentration at the wall, n is the normal 

direction, Smax is the upper limit to adsorption, S is the surface concentration and kads and 

kde are the adsorption and desorption rates, respectively. The reaction rate constant is 

computed using the Arrhenius expression. 
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(1.5) 

where Ar is the pre-exponential factor,  Er  is the activation energy for the reaction 

(J/kgmol) and R is the universal gas constant (J/kgmol-K). The user needs the activation 

energy, the pre-exponential factor and the upper limit to adsorption to model these 

reactions.  

Molecular Dynamics Modeling for Atomic Scale Transport 

In Molecular dynamics
34

 the atoms are allowed to interact with each other for a 

period of time by approximations of known physics, giving a view of the motion of the 

atoms. MD ignores the motions of electrons and describes the time-evolution of nuclear 

position alone. This approach works well when there is no bond breaking or forming and 

the electronic structure is not of interest. MD uses force field or potential energy function 

to define the interactions in a molecular system. Force field is semi-empirical and is 

calculated using experiments and quantum mechanics calculations. Fundamentally, the 

potential energy function is an approximation to ground state energy that would be 

obtained by solving the electronic structure using Schrodinger’s equation. MD code 

DL_POLY_2
32

 utilized in this study was written by Bill Smith and Tim Forester and is 

the property of the Science and Technology Facilities Council (STFC) in UK. 

DL_POLY_2 code uses four intra-molecular potentials (defining chemical bonds, valence 

bonds, dihedral angles and inversion angles) and five inter-molecular potentials (defining 

pair-body, three-body, Tersoff for many body covalent bond, four-body and metal 

potentials) to define the interactions in the molecular system. The total energy is the sum 

of kinetic energy and potential energy (which is the sum of all the above potentials) and 

is usually the conserved quantity. Newton’s second law is used to move the atoms to new 
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positions using numerical time integration techniques, and the force is calculated by 

using the gradient of the defined potential. For all atoms i, the Newton’s equation is given 

by, 

 

   
    
   

    

(1.6) 

where m is the mass of the atom, r is the position of the atom and F is the force. These 

simulations generate information at the microscopic level, including positions and 

velocities. The conversion of this microscopic information to macroscopic observables 

requires statistical mechanics which provides the rigorous mathematical expressions that 

relate macroscopic properties to the distribution and motion of the atoms and molecules 

of the N-body system. The macroscopic thermodynamic state of a system is defined by a 

small set of parameters, for example, the temperature, T, the pressure, P, and the number 

of moles of gas, N. Other thermodynamic properties may be derived from the equation of 

the state and other fundamental thermodynamic equations. On the other hand, the 

microscopic state of a system is defined by the atomic positions and momenta; these can 

also be considered as coordinates in a multidimensional phase space. A single point in the 

phase space, describes the state of the system. An ensemble is the collection of points in 

the phase space satisfying the conditions of a particular thermodynamic state. MD 

generates a sequence of points in phase space as a function of time; these points belong to 

the same ensemble, and they correspond to the different conformations of the system and 

their respective momenta. An equilibrium system is characterized by a particular 

temperature T, and the energy distribution follows Boltzmann’s distribution law. The 

fraction of molecules in a given state i is given as
35

: 
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     (1.7) 

where k is the Boltzmann’s constant and Q is the partition function which tells us how a 

particle is distributed over different energy levels (εi) and is given as: 

 

   ∑      
  

  
 

 

 

(1.8) 

The partition function is related to the free energy or thermodynamic potential via a 

bridge equation. For example in a NVE ensemble, the partition function Ω  is related to 

the thermodynamic potential S (entropy), via a bridge equation given by S = k ln 

Ω(N,V,E). The partition function is a function of both position and momenta and requires 

a solution to a complicated double integration to be estimated. These complex integrals 

are replaced by time averages in MD. 

In general, the basic steps involved in performing a molecular dynamics simulation are as 

follows
36

: 

1. Initialize co-ordinates of the atoms 

2. Minimize structure 

3. Assign initial velocities 

4. Equilibration 

a. Apply finite difference 

b. Accumulate monitored properties 

c. Re-initialize property accumulators 

d. Scale velocities for desired temperature (optional) 
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5. Production process 

6. Analyze Trajectories 

Once the initial co-ordinates of the atoms are defined, the quality of this initial 

structure is improved by using an energy minimization algorithm so as to prevent the 

simulation from becoming unstable during the initial stages. A zero temperature 

dynamics was conducted to relax the initial structure wherein the simulations were run at 

1 Kelvin and the dynamics were modified so that the velocities are always directed in the 

direction of force. Thus the dynamics follows the steepest descent to the minimum. This 

process is especially useful in identifying a true crystal structure. Once minimized, the 

structure is assigned velocity and equilibrated by running the simulation for few hundred 

time steps that lets the system evolve to configurations representative of the target state 

conditions. During equilibration, the conserved quantity fluctuates initially but eventually 

reaches a final steady value. Only after that the actual production time steps are made to 

generate the phase space so as to calculate the required macroscopic properties from 

them.  

Two different potentials were used to model the silicon wafer, the contaminant 

species and the interaction between the wafer and contaminants. The silicon wafer was 

modeled as a diamond lattice using the Tersoff potential
37

. It is based on the concept of 

bond order i.e. the strength of a bond between two atoms is not constant, but depends on 

the local environment. It is a density dependent potential, which has been designed to 

reproduce the properties of covalent bonding in systems containing carbon, silicon, 

germanium etc and alloys of these elements. The potential is very short ranged, typically 

of the order 3 Angstrom. The potential has 11 atomic and 2 bi-atomic parameters. The 

energy is modeled as a sum of pair-like interactions where, however, the coefficient of 
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the attractive term in the pair-wise potential depends on the local environment giving a 

many-body potential. Tersoff potential is given by: 

 

       (   )  {   (   )         (   ) } 

(1.9) 

where the suffix R and A stand for attractive and repulsive forces respectively, and ij 

depends on the local environment. The details of the Tersoff  potential and its parameters 

for silicon crystal are discussed elsewhere. The atoms in the contaminant species and its 

interaction with the silicon atoms in the wafer were modeled using the Lennard-Jones (L-

J) potential. L-J potential is a common way to model van der Waals and repulsive forces 

with a single pair wise potential and is given by
38

, 

 

        {(
   

 
)
   

  (
   

 
)
  

} 

(1.10) 

where  and  are constants that depend on the particular types of atoms i and j. The first 

term is used to model the repulsive forces while the second term is used to model the 

attractive forces between a pair of atoms separated by distance r. The L-J potential 

parameters used in the study will be listed later. A total of around 17000 atoms (of which 

few hundred were gas molecules) were used and the simulations were run on 48 

processors in parallel. DL_POLY_2
32

 uses replicated data parallelisms in which most of 

the force calculations and integrations of equation of motions can be shared easily and 

equally between nodes and to a large extend processed independently on each node. This 

method is known to be reasonably efficient and relatively easy to program. 
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OBJECTIVE OF STUDY 

In order to optimize the yields in wafer fabrication units there is a need for 

process modeling that addresses the details of wafer contamination.  As noted in the 

previous sections, wafer contamination and cleaning is a complex process that covers 

various length and time scale events and phenomena.  At the largest scales, there are 

issues associated with the production and contamination of specific species within the fab 

environment that are transported to the wafer surface either through processing steps or 

through simple ambient transport processes.  At these large scales, one might be 

interested in analyzing the large scale process modeling approaches to cleaning wafers.  

At smaller scales, the specific molecular configuration of the contaminant species 

impacts the cleaning kinetic chemical-physical mechanisms.  To determine, from a 

fundamental perspective, the mechanisms contributing to wafer cleaning requires 

different scale tools from transport tools aimed at characterizing equipment scale 

contamination issues.  This dissertation considers these problems from a common 

perspective.  The objective of this study has been to characterize the multi-scale problem 

of wafer cleaning with the objective of developing appropriate tools and models at 

different scales to best predict the dynamics of contaminant removal from wafer surfaces.    

 

OUTLINE OF DISSERTATION 

The above tools were used along with theoretical models and available 

experimental data to accomplish the goals. In Chapter 2 a CFD model was successfully 

validated using the experimental data for diethyl phthalate
18

. This data was then used to 

study the time scales associated with surface kinetics and the FOUP purging. The FOUP 

was purged at different flow rates with initial surface coverage and the transient surface 

coverage and FOUP gas concentration was monitored. Results of these simulations have 
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been presented in Chapter 2. In Chapter 3, an optimization technique was used to predict 

the surface kinetic rates for the amine experimental data.  The calibration and 

optimization process utilized low order analytical models as well as a detailed CFD 

calculation.  The goal here was to present an optimized FOUP purging recipe which will 

allow for more effective decontamination of semiconductor wafers laden with amines. 

The results of the simulation and the optimization algorithm have been presented in 

Chapter 3. A key finding in the optimization process was that for a low initial surface 

coverage like the one tested, the adsorption rate had very little influence on the 

optimization process while the desorption rate dominates the overall kinetics and hence 

the overall transport and optimization process. While adsorption rates will be more 

important in situations where the gas concentrations are higher, the ability of molecular 

dynamics to estimate desorption rate was explored in Chapter 4. A very simple yet very 

powerful method to extract desorption rate has been presented. Three different 

contaminants (all alkanes) were considered in this study. Experimental data for n-

pentane
39

 was used to calibrate the modeling parameters and the calibrated parameters 

were used to extract the desorption rate for ethane and n-butane.  
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Chapter 2. Mass transfer effects on silicon wafer surface deposition 

kinetics 

Adsorbed contaminants degrade electrical properties in variety of ways and affect 

production yields
,7,14,40

. As was mentioned earlier, Front opening unified pod (FOUP) are 

specialized plastic enclosures designed to hold silicon wafers securely and safely in a 

controlled environment with a front opening door allowing access to the wafers. Purging 

the FOUP with inert gas like nitrogen has been found to reduce the overall contaminant 

level on the wafers and inside the FOUP
23,24,26

. The need to understand and improve 

purging efficiency has driven several research studies. Hu et al.
23

 quantitatively identified 

the adsorption and desorption coefficients of vapor content on FOUP surfaces while the 

FOUP is being purged. To improve the purge process, it is necessary to better understand 

the mass transfer transport and kinetic processes on the silicon wafer surfaces.  In this 

chapter we used the experimental surface kinetics data available in the literature for 

diethyl phthalate along with a validated computational fluid dynamics model to predict 

the relative magnitude of these time scales. A geometrically simple purge configuration 

was considered for computational fluid dynamics (CFD) analysis.  The following things 

have been accomplished in this chapter.  1) Validate a CFD model of FOUP purging with 

experimental data. (2) Predict the relative magnitudes of time scales associated with mass 

transfer, adsorption kinetics, and desorption kinetics. (3) Predict the surface and gas 

concentration inside the FOUP while it is purged using CFD analysis. A commonly found 

clean room contaminant, diethyl phthalate (DEP), was considered in this study for CFD 

analysis because kinetic rate data for it could be found in the literature. A brief account of 

the theoretical models available and computational model used is given before presenting 

and discussing the results obtained from CFD analysis and conclusions. This chapter is a 
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direct result of the journal paper
41 

which has been submitted to IEEE Transactions on 

Semiconductor Manufacturing.  

 

ADSORPTION AND DESORPTION MODELS 

One of the classic expressions used to characterize heterogeneous reactions is the 

Langmuir adsorption isotherm
42

. It describes the equilibrium between a single-component 

gas and adsorbed species at a surface. The dependence of the surface coverage of the 

adsorbed gas on the pressure of the gas above the surface at fixed temperature is given 

by, 

 

   
  

    
 

(2.1) 

where θ is the surface coverage, K is the equilibrium constant and P is the partial pressure 

of gas above the surface. The Langmuir model serves as the basis for other models. Zhu
43

 

used a single-component surface kinetic model consisting of adsorption and desorption 

kinetics given by, 

 
  

  
               

(2.2) 

where S (kg/m
2
) is the surface concentration on the silicon wafer surface for any given 

species, t is the time (s), C is the ambient gas concentration of the organics species 

(kg/m
3
), kad (m/s) and kde (1/s) are the adsorption and desorption rate constants for the 

given species, respectively. This model was later found to work well only for low gas 

concentrations and short exposure periods
6
. Habuka et al.

10
 used a model which 
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determines the rate of change of surface concentration for a multiple-component system. 

The single component Langmuir model was improved to build the concept of competitive 

adsorption and desorption in a multicomponent system. The model was called multi-

component organic species adsorption-induced contamination (MOSAIC) model. Only 

physisorption was considered and monolayer coverage was assumed with no lateral 

interaction between organic molecules. The rate of change in the surface concentration of 

the organic species i on the silicon wafer surface is expressed as 

 
   

  
                             

(2.3) 

where Si (kg/m
2
) is the surface concentration on the silicon wafer surface for organic 

species i, t is the time (s), Ci (kg/m
3
) is the gas concentration of the i

th
 organic species, S 

is the concentration of the total organic species adsorbed on the silicon wafer surface 

(kg/m
2
), kad,i  (m

3
/kg-s) and kde,i (1/s) are the adsorption and desorption rate constants for 

the i
th

 species, respectively. The adsorption rate of the organic species is proportional to 

the gas-phase concentration and the difference between the total physisorbed species on 

the surface and its larger limit. The desorption rate is proportional to the surface 

concentration of the physisorbed species.   Essentially, the right hand side of equation 

(2.3) is an equivalent statement of the Langmuir isotherm and steady state for equation 

(2.3) results in equation (2.1).  

Generally, for wafer decontamination problems, one can envision either a case in 

which the wafer is contaminated prior to it being placed into the FOUP or the case in 

which a clean wafer is placed into a FOUP containing an initially contaminated gaseous 

environment.  Interestingly, the case in which the dirty wafer is placed into the clean 
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environment proves to be a more difficult cleaning problem for reasons which will be 

explained later.  For the case in which the clean wafer is placed into a dirty gas volume, 

the primary issue is to evacuate the gas space as quickly as possible before contaminants 

can be adsorbed onto the wafer surface. For the easier problem, the indirect way of 

minimizing surface contaminant concentration is by reducing the ambient gas 

concentration inside the FOUP. This  transient gas concentration can be modeled in a 

number of ways e.g., using a complete mixing model  which assumes that the nitrogen 

mixes with the FOUP gases completely as soon as it enters the FOUP, and if the 

adsorption and desorption coefficients are neglected then the change in gas concentration 

can be expressed as 

  

                 
  

 
  

(2.4) 

where Q is the purging flow rate, V is the volume of the FOUP and Ci0  is the initial 

ambient gas concentration inside FOUP.  The issue of whether the surface kinetic 

processes can be neglected is actually a statement about the time scales for flushing the 

system to low ambient concentration as compared to the time required for meaningful 

kinetic effects.  The magnitudes of these time scales will be discussed with the other 

cases. Another limiting model for the time to evacuate the FOUP of contaminated gases 

is the displacement model which is expressed as 

 

               
  

 
  

(2.5) 

The time required for displacement hypothesis is the ideal time of purging for the 

simplest purging case of an initially clean wafer placed in a contaminated environment
25

.  
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The associated time can be calculated by simply dividing FOUP volume by purge flow 

rate. This ideal time can be used to define a purging effectiveness even for cases in which 

the wafer is initially contaminated. 

 

COMPUTATIONAL FLUIDS DYNAMICS MODELING 

In the previous section two simple limiting case models were pointed out that 

describe the evolution of the gas environment in the FOUP.  In general, however, this 

evolution is much more complex and detailed flow simulation is required to analyze the 

gas species evolution.  In this research, a 3-D computer code FLUENT
31

 was used to 

model the flow and reactions in the FOUP purging system. For flows involving species 

with reactions, FLUENT solves species conservation equation in addition to mass, 

momentum and energy conservation equations. In these simulations, adsorption and 

desorption kinetics are modeled only on silicon wafer surfaces, while the interaction 

between contaminant species and other walls is neglected. The adsorption and desorption 

reactions were modeled as Arrhenius type reactions. The rates are given as  

 

           
  

  
  

(2.6) 

where A is the pre-exponential factor (1/s),  Ea  is activation energy  (kJ/mol), R is the 

universal gas constant and T is the temperature. The ability of the CFD model to predict 

measured contaminant concentrations was explored. In order to be confident in the CFD 

predictions, an experimental data set was required to validate the CFD results. A data set 

in the literature by Kang et al
18

 was identified.  Kang et al.
18

 measured the transient 

surface concentration for diethyl phthalate (DEP) at different gas concentration levels and 
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estimated the adsorption and desorption coefficient based on MOSAIC model (equation 

(2.3)) by fitting the rate equation with the experimental data through an optimization 

algorithm. The adsorption and desorption rates were estimated to be 1.5167 x10
3
 m

3
/kg-s 

and 5 x10
-4

 1/s, respectively. The maximum surface adsorption capacity was estimated to 

be 57.9 x10
-8

 kg/m2.  Note that since the rates required for the CFD analysis are assumed 

to be in an Arrhenius form, estimates are required for the activation energy and pre-

exponential factors that are consistent with Kang et al’s measured values.  It is generally 

understood that the adsorption process can be modeled assuming negligible (zero) 

activation energy
1
.  Kinetic theory arguments can be used to approximate a pre-

exponential factor for the desorption process; it is approximately 10
13

 1/s.  The activation 

energy for desorption was then determined using the overall desorption rate from
18

 and 

the kinetic theory determined pre-exponential factor.  

 

 

 
 

Figure 2.1: Experimental domain with silicon wafer at the bottom 



 21 

Two different geometries were modeled.  The first one is used to validate the 

experimental setup from Kang et al. Similar to the experimental setup; the first geometry 

consists of a rectangular box of size (120 cm X 60 cm X 180 cm) with a 300-mm silicon 

wafer placed in the centre of the bottom surface as shown in Figure 2.1. The length scale 

on the face mesh at the wafer was 3 mm whereas the smallest length scale in the normal 

direction was 0.01 mm with small increments away from the wafer surface.  

The second geometry is used to predict the flow inside the FOUP environment. 

The FOUP domain consists of FOUP wall surfaces, 25 wafers, a stand, an inlet at the 

right and an outlet at the left on the bottom wall of the FOUP as shown in Figure 1.1.  

Note that the door has been removed to get a look inside the FOUP. The mesh was 

created using GAMBIT
33

 and care was taken to resolve all flow features.  There are at 

least 10 cells in between consecutive wafers. The mesh was checked for quality including 

smoothness, aspect ratio and skewness and found to have satisfactory values. Mesh 

contains about 3 millions cells with the smallest and largest length scale of 0.75 x10
-3

 

meter and 4 x10
-3

 meter, respectively. Monolayer coverage was assumed for all the CFD 

models. 

 

RESULTS AND DISCUSSIONS 

In order to gain confidence in the ability of the CFD model to predict the details 

of the wafer contamination and decontamination processes, model predictions for an 

existing experimental data set of Kang
18

 et al was evaluated.  As previously noted Kang 

et al identified through the use of optimization techniques kinetic parameters for their 

adsorption/desorption system. By using the modeled Arrhenius parameters in FLUENT, 

the stagnant flow condition of Kang et al. was simulated and the results were analyzed. 
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Like Kang et al a clean wafer with zero initial coverage was subjected to a specified free-

stream gas concentration of diethyl phthalate. Recall that for this condition, there is no 

inlet flow velocity and a diffusion solution is applicable.  Figure 2.2 shows the change in 

surface concentration with time for diethyl phthalate at three different ambient gas 

concentrations. There is good agreement between the measured and the predicted values 

for the different levels of free-stream gas concentration. These validated kinetic 

parameters have been used in rest of the study.  

 

 

Figure 2.2: Simulation and measured surface concentration for DEP as a function of 

exposure time for different gas concentration levels (kg-m
-3

) 
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Relative magnitudes of transport time, adsorption time and desorption time   

Analysis of Convectively Modified Adsorption Dominant Flows 

In most practical applications where wafer cleaning is required, or in cases where 

wafers become contaminated, there are convective or flow physics occurring.  The Kang 

study, while useful for validation, did not include this important aspect of most practical 

problems.  If convective processes are included, there must be explicit characterization of 

the relative magnitudes of time scales in surface kinetics and transport.  Understanding 

these time scales is useful for better understanding the actual purging process with the 

aim to improve its efficiency. The gas concentration term in the Langmuir model is the 

gas concentration at the wall and not the average gas concentration in the entire domain. 

It is important to make this distinction because it is the wall gas concentration that drives 

the adsorption process. There exists a gas concentration gradient throughout the domain 

which is driving this wall gas concentration. The overall transport time can be considered 

to be the time required for a contaminant molecule to traverse the species boundary layer.  

In most convective environments, the transport process is carried out by mass diffusion 

across a boundary layer thinned by the flow field.  Gas molecules available at the wall 

surface can be adsorbed with a time called the “adsorption time”. Similarly, a 

characteristic time exists for gas molecules to get desorbed from the surface (i.e., 

desorption time).  One can formulate a circuit analogy for this process by considering 

resistances to be inversely proportional to the characteristic times.  As shown in Figure 

2.3, the gas concentration is viewed as a terminal potential, the surface coverage is 

considered to be a capacitance element, and the wall gas concentration is an intermediate 

potential. 



 24 

  

Figure 2.3: Resistances associated with surface kinetics on the wafer surface 

To better characterize the transport time scale (by diffusion modified by 

advection) two different 2D models were used. The first geometry was similar to the 

validation geometry, and stagnant flow conditions were modeled. The model problem 

was developed as a two dimensional analogue for the three dimensional Kang et al. 

experiments. Like the Kang experiments and like the 3D validation solutions shown in 

Figure 2.2, the transport is limited to diffusion only. The size of the 2D-plate was (2 m X 

1 m). The silicon wafer of length 0.01 m is placed at center of the bottom wall. The wafer 

surface has zero initial surface coverage and then is suddenly exposed to a gas 

concentration of 20 x10
-9

 kg/m3. This problem was then modified to relax the constraint 

of stagnant flow conditions.  An inlet velocity from the top surface of the domain was 

included and modeled. The domain size is similar to the diffusion limited model except 

that the top wall behaves like inlet and there is an outlet on the side walls as shown in 

Figure 2.4. The outlet is 0.1 meter high slots on the side walls of the rectangular plate 

located adjacent to the bottom wall. The inlet mass fraction of the contaminant species 

(DEP) was adjusted to keep the species gas concentration inside the domain to a constant 

value of 20 x10
-9

 kg-m
-3

. Four cases with different flow rates were modeled.  Based on 

typical velocity (~ 10 cm/s) seen in the clean room environment, the inlet velocities were 

chosen to be 1 mm/s, 1 cm/s, 10 cm/s and 1 m/s.   
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Figure 2.4: 2D geometry to compare the transport time scales 

In the limiting case, the transport is limited by diffusion. With no advection, the 

mathematical model is simply the one dimensional diffusion problem. 

 
  

  
   

   

   
 

(2.7) 

with initial conditions: 

C(x, 0) = C∞   

S (0) = 0;  

and boundary conditions: 

At x = l: C = C∞            

2

1

0.01

0.1
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At x = 0:  

 

   
  

  
              (          )            

(2.8) 
     

  
             (          )            

(2.9) 

where C and S are the gas and surface concentrations respectively, C∞ = 20 x10
-9

 kg/m
3
, 

D is the diffusion coefficient (2.88 x10
-5

 m
2
/s), and the surface kinetic parameters are 

those used for validation. Figure 2.5 and Figure 2.6 show the change in non-dimensional 

wall gas concentration (C/C∞ ) and the non-dimensional surface coverage (S/Smax), 

respectively as a function of time for different flow rates and the diffusion-only case. One 

expects the higher flow rates to thin the species boundary layer and create a smaller mass 

transport resistance between the surface concentration and the free-stream values. 
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Figure 2.5: Non-dimensional wall gas concentration as a function of time for different 

flow rates and diffusion-only case at symmetry line 

As can be seen in Figure 2.5 for all cases tested the wall gas concentration decreases at a 

high initial rate followed by a smaller rate of change, reaching a minimum and then 

increases steadily. For the highest flow rate case, the minimum value attained is higher 

than that attained in other flow rates cases and the diffusion-only case indicating a thinner 

species boundary layer (faster transport of species to the wall).   Interestingly, the 2D 

diffusion solutions are essentially the same as the 3D solutions and experimental; results 

shown in Figure 2.2.  As can be expected from the wall gas concentration trends for 

different cases, the corresponding surface coverage (i.e., Figure 2.6) was higher or lower 

depending upon the availability of the contaminant species at the wall. All cases showed 
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a steady increase in surface coverage with no significant difference.   One can relate the 

nearly linear increase in surface coverage shown in Figure 2.6 to the surface balance 

given in equation (2.9).  One notes that if the wall gas concentration is nearly constant, as 

shown to be true in Figure 2.5, and if the site coverage is less than the maximum surface 

capacity, then the surface coverage is a linearly increasing function of time. 

 

 

Figure 2.6: Non-dimensional surface coverage as a function of time for different flow 

rates and diffusion-only case 
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state boundary layer formed by the flow should scale like the species diffusivity divided 

by a characteristic value of the velocity given by: 

 
 

 
 (

 

  
)
 

     
   

(2.10) 

where D is the species diffusivity, U is a characteristic velocity, L is the size of the wafer 

and “a” is a constant. This suggests for a laminar flow system that the Sherwood number 

scales like the mass transfer Peclet number raised to the negative “a” power. The problem 

of interest can be thought of as a transition between a transient diffusion problem at short 

time and a convective-diffusive balance at long time (i.e., steady state).  The evolution of 

the surface concentrations can be explained using this relative simple conceptual model.  

To better clarify how this process occurs; the surface concentration and the time were 

scaled by appropriate values to see if there is collapse in the data. 

For the species transport problem the boundary condition is: 

 

   
  

  
                            

  (2.11) 

where Kads  is the adsorption rate, C0 is the wall gas concentration, Smax  is the maximum 

surface coverage and Kde is the desorption rate.  

Using scaling analysis, the above boundary condition becomes 

 

  
     

 
                    

(2.12) 



 30 

The desorption term is relatively small compared to the other terms and hence has been 

neglected.  As seen in Figure 2.6,  Smax >>  S for times of interest. A representative value 

of Smax is 10
-7

.  A representative value
14

 for Kads is 10
3
  and the mass diffusivity is 

approximately 10
-5

.  Using these characteristic values from experimental results
18

, the 

above equation becomes 

 

                 

(2.13) 

A non-dimensional wall gas concentration was developed using the scaled wall gas 

concentration and the free-stream gas concentration as shown in equation (2.14). 

 

     
         

  
 

(2.14) 

In practice, the Peclet scaling for the boundary layer thickness (equation (2.10)) is used to 

define the boundary layer thickness parameter (δ).  The power law dependence of the 

boundary layer thickness on the velocity (i.e., the parameter a) is determined from the 

simulation data.  The best fit value for the power law exponent is a = 0.175. We can 

balance the initial unsteady diffusion boundary layer thickness evolution to the steady 

convective-diffusive boundary layer thickness, as shown in equation (2.15). 

 

    √       (
 

  
)
 

 

(2.15) 

One can then explicitly solve for the time scale over which the boundary layer thickness 

transitions from the initial transient-diffusion evolution to the steady state value. 
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 (

 

  
)
  

   
  

 
          

(2.16) 

When [C0 (1 + 10L(Pem)
-a

) / C∞ ]  is plotted against  [t D (Pem)
2a

/ L
2
 ] in Figure 2.7, the 

newly defined gas concentration reaches a steady value at a critical non-dimensional time 

(~ 1) when the convective-diffusion balance controls the transport thickness.   As can be 

seen in Figure 2.7, the scaling analysis and subsequent non-dimensionalizations 

successfully capture the primary controlling physical mechanisms of this problem.  

 

 

Figure 2.7: Non-dimensional wall gas concentration as a function of non-dimensional 

time for different flow rates 
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Analysis of Convectively Modified Desorption Dominant Flows 

The 2D-case tested above can be seen as a “contamination problem” wherein a 

clean wafer was exposed to an initial gas concentration. An analogous “cleaning 

problem” would be to have an initial contaminant surface coverage, no initial 

contaminant gas concentration in the domain, and a purge flow of a passive species like 

nitrogen to drive off the contaminants. This problem was considered to compare the 

adsorption and desorption time scales. Figure 2.8 shows the CFD results for change in 

surface concentration against time for the contamination process versus the cleaning 

(decontamination) process. Starting from approximately 2x10
-3

 surface coverage, the 

contamination curve in Figure 2.8 shows that it takes approximately 16 minutes to get to 

2% of monolayer coverage (2x10
-2

) during a contamination process.  A set of cleaning 

curves associated with different values of the free-stream velocity are also shown. For a 

reasonable clean-room nitrogen purge of 10 cm/s  it takes about 110 minutes to reduce 

the  2% monolayer surface coverage by an order of magnitude to 2x10
-3

 during the 

cleaning process.  This clearly shows that the adsorption process occurs on faster time 

scales than the desorption process. Overall, the transport time scale was the smallest time 

scale and desorption time scale were the largest time scale (transport < adsorption << 

desorption). 
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Figure 2.8: Contamination process vs. cleaning process 

CFD results for three different nitrogen flow rates (Inlet Velocity = 1 x10
-1

 m/s, 2 x10
-1

 

m/s and 2 x10
1
 m/s) were compared for the cleaning process. In addition, a CFD solution 

in which adsorption kinetics was turned off was evaluated to determine whether 

adsorption physics were important to the solution.  Finally, an analytical solution was 

examined that includes desorption kinetics but assumes infinitely fast transport times.  

The amount of time required to reduce the surface coverage by an order of magnitude 
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the cleaning process are very low, only a small amount of contaminants are re-adsorbed 

after desorption. In the CFD results for cleaning with no adsorption kinetics included,  the 

surface coverage decreased exponentially and took approximately 90 minutes to reduce 

the surface coverage by an order of magnitude;  when compared to the slowest case (10 

cm/s Nitrogen purge with both adsorption and desorption kinetics) is only slightly faster. 

Further, as compared to an analytical solution for equation (2.3), when adsorption is 

neglected (S/S0 = exp(- Kde t)),  which would take 80 minutes to clean, the CFD case took 

a longer time, indicating that although the solutions are nearly independent of transport 

times, these effects should be included for more accurate predictions.   For the highest 

flow rate tested (20 m/s), the transport time was small enough so as to not allow any re-

adsorption as a result of which it behaved very close to desorption only CFD case. A 

scaling analysis for the characteristic flow rate required to minimize the effects of 

adsorption kinetics is discussed below. A film transfer statement of the boundary 

condition coupling the gas concentration away from the wall and at the wall can be 

expressed as 

 

                                 

(2.17) 

where hm is a mass transfer coefficient with units of m/s.  

For a cleaning problem C∞ = 0 and equation (2.17) reduces to 

 

     
     

                
 

(2.18) 

Surface species balance is given by:  
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(2.19) 

Using equation (2.18), the surface species balance reduces to 

 
  

  
         [   

             

                 
]  

(2.20) 

If the mass transfer coefficient hm is large enough (i.e., hm >> Kads (Smax – S)) then the 

second term in the bracket will vanish and the overall cleaning would depend only on the 

desorption rate. In other words, the flow rate should be high enough not to allow any re-

adsorption. Such a flow rate can be estimated using the following theoretical analysis. 

For a laminar boundary layer flow, the mass transfer Peclet number is given by: 

 

                
   

   
   

 

(2.21) 

where Pem(x) = hm L/D, Rex = UL/  and Pr is the ratio of viscosity to mass diffusitivity. 

Using the physical properties of diethyl phthalate
18

 and model parameters (L, D, U, etc.) 

in the 2D case, the above expression simplifies to 

 

          √  

(2.22) 

For the second term in bracket in equation (2.20) to be less than 0.5%, the mass transfer 

coefficient should at least be 0.153 m/s and the velocity should be at least 20 m/s. For the 

high velocity (20 m/s) case tested, it is evident from Figure 2.8 that the cleaning process 
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at that flow rate behaves very close to the cleaning process where only desorption was 

considered and adsorption was ignored.  It is unrealistic to expect that a purging system 

would be operated with such a high nitrogen velocity.  In actuality, even for lower 

velocities, the effect of adsorption kinetics is minimal in terms of modifying the cleaning 

times. 

FOUP Purging with nitrogen 

FOUP purging was simulated using FLUENT with the validated kinetic parameters for 

DEP. An initial gas concentration of 20 x10
-9

 kg/m
3
 and the initial surface coverage of 

2% of monolayer were used. Ten different flow rates (1, 3, 5, 8, 10, 14, 17, 20, 25, 30 

liters per minute) were tested with the aim to find the optimal purge flow rate which 

generally depends on the target surface coverage, the amount of nitrogen utilized and the 

time required to reach the target surface coverage.   In this study, the purging process was 

optimized to minimize the amount of nitrogen utilized to reach a target surface coverage 

of 90% of initial value while the time criterion was not considered.  The simulations were 

run until the surface coverage reduced by 10% of its initial value. The results are 

tabulated below.  An interesting observation is that there is an initial slight increase in 

surface coverage for these scenarios (i.e., dirty wafers in a slightly dirty gas) because of 

the relative rates of adsorption versus desorption. As can be seen from Table 2.1, at 

earlier times the contaminants in the gas phase are adsorbed onto the wafer surface 

increasing the surface coverage. Though there is no significant increase in the surface 

coverage, there is a definite trend in the maximum surface coverage reached and time 

taken to reach the maximum value at different flow rates. The lower the flow rate, the 

higher the maximum surface coverage reached. This might not be a cause for concern for 

extremely low initial gas concentrations such as the one tested, but for higher initial gas 
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concentrations the surface coverage can increase significantly.  In such cases, it would be 

advisable to purge the system with a high initial flow rate of purge gas to reduce the 

contaminant gas concentration in the FOUP thus limiting the initial adsorption driven 

surface contamination.  

The purging was continued until the surface concentration was reduced by 10% of the 

initial value. As can be seen from Table 2.2, the highest flow rate took the least amount 

of time to reach the target surface concentration, but required the most nitrogen. The flow 

rate of 3 liters per minute took around 301 minutes to achieve the target surface 

concentration using the least amount of nitrogen as compared to other flow rates tested. A 

lower flow rate of 1 liter per minute was found to be less effective and over 3 times 

slower than a flow rate of 3 liters per minute.  In general, one can imagine that an optimal 

purge recipe exists that weighs the cost of nitrogen and the time required to reach the 

target level of cleaning.  A simple cost function might be formulated as $P=atc + bVN, 

where tc is the cleaning time and VN is the volume of nitrogen used. The cost per hour of 

associated with processing is company dependent and is not detailed here. 

 

Flow Rate 

(lpm) 

Maximum Surface coverage 

reached (in percentage) 

Time required to reach 

maximum coverage (s) 

1 2.0156 225 

3 2.0137 120 

5 2.0126 85 

8 2.0116 65 

10 2.0112 55 

14 2.0106 40 

17 2.0103 35 

20 2.0101 30 

25 2.0098 25 

30 2.0097 23 

Table 2.1: Maximum surface coverage reached 
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Flow Rate 

(lpm) 

Time required to reduce the 

Surface coverage by 10% (min) 

Amount of Nitrogen 

required (liters) 

1 996 996 

3 301 903 

5 184 920 

8 124 992 

10 105 1050 

14 83 1162 

17 74 1258 

20 67 1340 

25 57 1425 

30 51 1530 

 

Table 2.2: Optimal flow rate based on cost of nitrogen 

 

 

Figure 2.9: Speed profiles inside FOUP 

Overall, the total amount of nitrogen required was non-monotonic and depended on the 

transport kinetics. For the different flow rates tested, the top region of the FOUP was 
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found to be purged more effectively than the middle and lower region. Overall, the 

cleaning was more effective where the local flow speed was higher as shown in Figure 

2.9. For a more even flow plenum was utilized instead of a single inlet. The results and 

the improvement achieved using a plenum is discussed in Appendix A. 

 

CONCLUSIONS 

A CFD model was successfully validated using the experimental data for diethyl 

phthalate. This data was then used to study the time scales associated with surface 

kinetics and the FOUP purging. The simple scaling process yields a useful method for 

identifying the surface gas concentration for problems dominated by adsorption (i.e., 

evaluation of the time required to have a steady contaminant concentration on a wafer 

surface and also the surface concentration associated with this contamination). The 

results showed that the transport time was considerably smaller than adsorption time, and 

desorption time was larger than adsorption time. The cleaning of the wafers is generally 

limited by surface kinetics and is independent of transport. The purging of the FOUP 

with initial surface coverage and even small gas concentrations showed an increase in 

surface coverage at early times before a decrease occurred at later times. The higher the 

flow rate, the lower is the maximum surface coverage reached. It would be advisable to 

purge the system with a high initial flow rate of purge gas to reduce the contaminant gas 

concentration in the FOUP thus limiting the initial adsorption driven surface 

contamination. Depending on the cost function used, one can tune the purge recipe to best 

limit the overall surface coverage.   For a complex geometry like the FOUP which has 

regions with various flow speeds and transport times, the overall rate of cleaning will 

strongly depend on the local flow processes on any given wafer.   
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Chapter 3. Optimization based technique for determination of kinetic 

desorption rates for molecular contaminants on wafer surface 

The surface contamination on the silicon wafer surface directly affect production 

yield
7,9,14,40

 and significant effort is required to minimize the level of molecular 

contamination
23,24,26

. In chapter 2, a CFD model was used to study the time scales 

associated with surface kinetics and FOUP purging.  The relative magnitude of the time 

scales was established and it was found that the decontamination of wafers in the FOUP 

is limited by surface kinetics and independent of the transport time. CFD tools were used 

to predict the transient behavior inside the front opening unified pod (FOUP) using the 

surface kinetics data available in literature. Though some limited experimental data exist 

for deposition kinetics, they are not enough to predict the surface contamination behavior 

for the wide variety of organic contaminant species that exist in the semiconductor 

fabrication units. Either experiments have to be conducted and optimization techniques 

have to be used to infer kinetic rates or alternatives must be developed to estimate these 

rate parameters.   

 

MODEL BASED PARAMETER ESTIMATION 

The most straight forward way to infer kinetic rates from the available 

experimental data is to use CFD tools in an iterative manner to update kinetic parameters 

until global predictions for concentrations match the experimental data. Such an 

algorithm is shown in Figure 3.1. For a complex geometry like the FOUP where the 

computational mesh might contain upwards of 3 million cells, the computational cost and 

simulation time are quite high and such a method would be prohibitively expensive.  
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Figure 3.1: Simplest optimization technique to extract kinetic rates from available 

experimental data and CFD tool 

In this chapter, an alternative optimization technique is proposed which uses less 

expensive theoretical models along with CFD tools to predict the kinetics rates inside the 

FOUP environment. A brief account of the theoretical models and CFD model used in the 

optimization technique is given followed by the experimental data for amine and the 

optimization algorithm. The proposed optimization algorithm was successfully tested on 

available experimental data and results are presented followed by the conclusion. This 

chapter is a direct result of the journal paper
44 

which has been submitted to IEEE 

Transactions on Semiconductor Manufacturing. 

 

THEORETICAL MODELS 

In chapter 2, it was explained how Langmuir model
42

 forms the basis of other 

surface kinetics models being used today. For example the single component Langmuir 

model was improved to build the concept of competitive adsorption and desorption in a 

multicomponent system by Habuka et al.
8
. Only physisorption was considered and 
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monolayer coverage was assumed with no lateral interaction between organic molecules. 

The rate of change in the surface concentration of the organic species i on the silicon 

wafer surface is expressed as  

 
   

  
                             

 (3.1) 

where Si (kg/m
2
) is the surface concentration on the silicon wafer surface for organic 

species i, t is the time (s), Ci (kg/m
3
) is the gas concentration of the i

th
 organic species, S 

is the concentration of the total organic species adsorbed on the silicon wafer surface 

(kg/m
2
), kad,i (m

3
/kg-s) and kde,i (1/s) are the adsorption and desorption rate constants for 

the i
th

 species, respectively. Equation (3.1) does not include a model for transport 

between the gas phase and the surface.  Implied in such a formulation is the notion that 

transport times are significantly faster than kinetic times and that transport considerations 

can be neglected since surface kinetics are rate limiting.  It was shown in earlier work
41

 

that even for the relatively slow desorption kinetics, it is useful to include transport 

modeling in accurately simulating the physical processes. The following theoretical 

models do take in account the transport time. 

Well mixed model 

The model previously described can be used to predict the transient surface 

contamination. This model is actually boundary conditions to the global species balance 

inside any system. Figure 3.2 shows such a system which consists of a domain (for 

example a rectangular box) with an inlet and an outlet and a silicon wafer at the bottom 

of the box. “S” and “C” are the surface concentration (kg/m
2
) and gas concentration 
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(kg/m
3
), respectively. The inlet gas mixture is assumed to be a pure purge gas (e.g., 

nitrogen) absent of the contaminant species.  

 

 

 

Figure 3.2: Schematic showing transfer processes in well mixed model 

The well-mixed model assumes that the nitrogen and the contaminant species are 

well mixed and the gas concentration inside the domain is constant throughout the 

domain (i.e., there are no gradients in the system).  There are two species balances that 

exist in the system. The global mass balance of the species inside the system and the 

species balance that exists at the silicon wafer surface. The global species balance is 

given by: 

 

 
  

  
  {                   }          

                    (3.2) 

The rate of change in the surface concentration of the organic species on the silicon wafer 

surface is expressed as  

 
  

  
                       

                                      (3.3) 
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where C (kg/m
3
) is the gas concentration, S (kg/m

2
) is the surface concentration of the 

silicon wafer surface for the contaminant species, t is the time (s), Smax (kg/m
2
) is the 

upper limit of surface concentration, kad (m
3
/kg-s) and kde (1/s) are the adsorption and 

desorption rate constants for the contaminant species, V (m
3
) is the volume of the 

domain, Q (m
3
/s) is the flow rate at the inlet and A (m

2
) is the area where the surface 

reactions are occurring. Knowing the flow parameters, domain size and the surface 

kinetic rates; one can solve equations (3.2) and (3.3), to predict the transient behavior of 

the surface and the gas concentration.  For a limiting case with negligible adsorption and 

a initial surface coverage of S0, the solution to the well mixed model becomes, 

 

                     

 

       
      

 
  

 

(     
 
 )

                           

(3.4) 

As previously noted, this model assumes that the gas concentration at the wall is the same 

as rest of the domain (i.e., transport is fast relative to kinetics); in reality there exists a 

gradient at the wall which drives the transport and surface reactions. For a complex 

geometry like the FOUP, a two zone model tries to address this issue to a certain degree 

by splitting the domain into two: first zone where the transient gas concentration is 

independent of spatial co-ordinates and the other which allows species transfer at the 

boundary of first zone and is a function of length of the boundary.  
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Two zone non-mixed model 

For the FOUP geometry, wafers fill an inner region where the characteristic 

spacing between the wafers is 10 mm.  In this region, it is expected that the gas velocity 

is relatively small compared to diffusion transport times.  A Peclet number is useful in 

quantifying the relative magnitude difference.  An outer flow region exists in the FOUP 

and in this region, the inlet purge gas streams with a relatively high velocity and causes 

mixing between the outer flow region and the inner wafer region.  Schematic of the Two  

zone model is shown in Figure 3.3. One can imagine modeling the transport between the 

outer purge zone (Region C1) and inner weakly transporting (Region C2) regions using a 

global mass transfer coefficient.  A characteristic flow residence time can be formulated 

for the purge region.  This time is essentially the flow length divided by a characteristic 

purge zone velocity.  Within the wafer region, the residence times are significantly longer 

than those in the purge region.  The surface chemistry time scales are also of much longer 

duration than the purging time scales.  Thus, one might consider the inner wafer region to 

obey a transient reaction, transport equation, similar to equations (3.2) and (3.3), but 

coupled to a purging region through a bulk mass transfer coefficient.  
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Figure 3.3: Schematic diagram of FOUP under two zone model approximations 

The governing equations for the FOUP under the two zone model approximation are 

shown below.  Equations (3.5) and (3.6) are for the inner wafer zone and equation (3.7) is 

for the outer purge zone. 

 

 
   

  
                             ∫              

 

 

 

     (3.5)  

where V is the volume of the inner region, C2 is the species gas concentration of the 

inner wafer zone, A is the total area of the wafers, b is the global mass transfer 

coefficient, p is the perimeter and C1 is the gas concentration in the outer purge zone. 

l 
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The rate of change in the surface concentration of the organic species on the silicon wafer 

surface is expressed as  

 
  

  
                       

                            (3.6) 

The gas concentration in the outer region can be expressed as:  

 

         
   

  
             

                                            (3.7) 

where U is the inlet purge velocity, Ainlet is the area of the inlet as shown in Figure 3.4 

and x is the total length along which the mass transfer takes place.   

                                  

 

 

Figure 3.4: Top view of the FOUP and Two zone model 

Under the approximations that we have detailed, the solutions for the concentration 

evolution in both zones can be formulated using relatively simple analytical techniques. 
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Using the boundary condition where FOUP is purged with pure nitrogen, equation (3.7) 

simplifies to the following: 

 

       {     ( 
   

       
)} 

                                          (3.8) 

Substituting the above in equation (3.5), we get 

 
   

  
  

 

 
 {           (   ( 

   

       
)   )                        } 

                              (3.9) 

Knowing the flow parameters, domain size and the surface kinetic rates; one can solve 

equation (3.5) and (3.8), to predict the transient behavior of the surface and the gas 

concentration. A Matlab code was used to integrate the above equations. For a limiting 

case with negligible adsorption, the solution of the two zone model becomes, 
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(3.10) 
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COMPUTATIONAL FLUIDS DYNAMICS MODELING 

The theoretical models discussed earlier describe the evolution of the gas and 

surface concentration inside idealized and simple representations of the FOUP geometry. 

The actual FOUP geometry was modeled using 3-D computer code FLUENT
31

.  A CFD 

model validated earlier using experimental data available in literature
18

 was used here. In 

these simulations, adsorption and desorption kinetics are modeled only on silicon wafer 

surfaces, while the interaction between contaminant species and other walls is neglected. 

The reactions rate were modeled as Arrhenius type reactions and given as  

 

           
  

  
  

                                                       (3.11) 

where A is the pre-exponential factor and Ea is activation energy.  Estimates were 

required for the activation energy and pre-exponential factors that are physical and 

consistent with the overall rates. As done previously, the adsorption process was modeled 

assuming negligible (zero) activation energy
1
 and the pre-exponential factor for the 

desorption process was assumed to be 10
13

 1/s.  The activation energy for desorption was 

then determined using the overall desorption rate and the kinetic theory determined pre-

exponential factor.  The mesh was created using GAMBIT
33

 and is the same mesh used 

previously. The CFD model described above along with the well mixed model and two 

zone models was used to optimize kinetic rates for the experimental data available from 

Texas Instruments Corporation.   
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EXPERIMENTAL DATA FROM TEXAS INSTRUMENTS CORPORATION  

Experiments were performed at Texas Instruments on characterizing the 

desorption behavior of amines on silicon wafer surface. The FOUP was loaded with 25 

wafers, processed under specific testing conditions and then purged with nitrogen at a 

flow rate of 2.4 liters per minute (lpm). The effluent gas was connected to an amine 

analyzer. Measurements were made of the amine group concentration exiting the FOUP.  

Figure 3.5 shows the time history of outlet gas concentration in the system. The total 

amount of out gassed amine was estimated to be 4.53x10
-9

 kg.   

 

 
 

Figure 3.5: Measured outlet gas concentration for amine group as a function of time 

(kg-m
-3

) 
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OPTIMIZATION PROCESS 

The experimental data for the amine group was not sufficiently parameterized to 

deduce surface kinetic rate parameters using the best fit to the MOSAIC model. The 

upper limit to the surface concentration was not measured and reasonable assumptions 

have to be made to accommodate it in the proposed optimization process. It was assumed 

that there were no more amines left inside the FOUP after the measurements were 

complete and the total amount of amines out gassed was assumed to be desorbed from 

equally contaminated wafer surfaces and that the gas concentration inside the FOUP was 

initially negligible.  The upper limit to the surface concentration Smax (kg/m
2
) was 

calculated based on the size of the molecule. The molecules were assumed to be spherical 

(2 Angstroms diameter) and uniformly distributed in a monolayer over the entire surface 

of the wafer. The initial surface coverage of the wafer was calculated by equally 

distributing the total out gassed amine onto all the wafers. The flow conditions and 

design parameters used in the well mixed model are listed in Table 3.1.  

 
 

Parameter Value 

Flow Rate (Q) 2.4 liters per minute 

Volume of FOUP (V) 0.03 m
3
 

Wafer surface area (A) 3.55 m
2
 

Upper limit to the surface concentration (Smax) 9x10-7 kg/m
2
 

Initial surface coverage (S/Smax) 0.0014 

 

Table 3.1: Flow condition and design parameters for the well mixed model 
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The above listed parameters were used in the well mixed model and the kinetic rates were 

optimized. Figure 3.6 shows the comparison between the well mixed model and 

experiments and the corresponding optimized kinetic rates are listed in Table 3.2. 
 

 
 

Figure 3.6: Outlet Gas concentration in well mixed model for amine group as a function 

of time (kg-m
-3

) 

 

Adsorption rate (kad) 0.77 m
3
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Desorption rate (kde) 0.001788 s
-1

 

Table 3.2: Optimized kinetic rates 

 

The value of Smax was varied and it was found that fitting the experimental data set could 

be achieved only when adsorption rates changed.  Interestingly the desorption rates did 

not change because Smax only couples to adsorption rate, and because the gas 

concentration is relatively small compared to the surface concentration, it was surmised 

that the surface kinetics are much more sensitive to desorption rates than adsorption rates.  
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That is, the desorption process is the dominant process, and large changes to the 

adsorption rates did not affect the model’s ability to predict the experimental results. 

After working through the well mixed model, the kinetic parameters were applied to the 

CFD model. Using these kinetic parameters in the CFD simulations, it was found that the 

results, while close to the experimental results show a 21% error. The results are shown 

in Figure 3.7. 

 
 

 
 

Figure 3.7: Outlet Gas concentration in CFD model for amine group as a function of 

time (kg-m
-3

) 
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two zone model predictions to agree with the intermediate CFD predictions. The flow and 

design parameters used in the two zone model are listed in Table 3.3. Once the mixing 

coefficient was determined, the two zone models kinetic parameters were calibrated 

against the original experimental data set.  These kinetic parameters were then used in the 

CFD calculations.  The transfer coefficient and kinetic rates are listed in Table 3.4 and 

the results of this process are shown in Figure 3.8.  
 
 

Parameter Value 

Flow Rate (Q) 2.4 liters per minute 

Inner Diameter (Din) 0.30 m 

Outer Diameter (Dout) 0.38 m 

Area of inlet (Ainlet = [Dout
2
 -Din

2
]/8) 0.02 m

2
 

Height of wafer zone (l) 0.26 m 

Volume of wafer zone (V = Din
2
 l/4 ) 0.02 m

3
 

Surface Area of wafers (A) 3.55 m
2
 

Perimeter of transfer zone (p = Din/2) 0.47 m 

Length of transfer zone (L = 2l + Din/2) 0.67 m 

Velocity at inlet (U = Q/Ainlet) 0.002 m/s 

Upper limit to the surface concentration (Smax) 9x10
-7

 kg/m
2
 

Initial surface coverage (S/Smax) 0.0014 

 

Table 3.3 Flow condition and design parameters for the two zone model 

 
 

Mass transfer coefficient (b) 1.45e
-5

 m/s 

Adsorption rate (kad) 0.78 m
3
/kg-s 

Desorption rate (kde) 0.001568 s
-1

 

 

Table 3.4: Transfer coefficient and kinetic rates from the two zone model 
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Figure 3.8: Outlet Gas concentration in CFD model for amine group as a function of 

time (kg-m
-3

) 

 

The total error in the predicted concentrations was reduced from 21% to 13%.  

The error in the predicted total out gassed amines from the system reduced from 5.5% to 

2%. The computational time was dominated by the CFD calculations.  Note that only two 

CFD simulations were required.  The time for each simulation is approximately 960 

hours on a quad-core processor. If the optimization process had been only done using 

CFD simulations, there would have been many more runs required, and it is obvious that 

calibration could not have occurred.  The process developed using the low order codes 

and the CFD was able to calibrate the parameters and generate interesting insights into 

the physics of this problem.  Interestingly, with the parameterized two zone model, one 

can also perform additional simulation in which the effects of different initial 

concentrations etc on the purging process can be explored. The optimization algorithm 

followed to calibrate the kinetic rates for amine group is shown in Figure 3.9. 
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Figure 3.9: Optimization algorithm used to calibrate kinetic rates using theoretical 

models and CFD model 

 

CONCLUSIONS 

 

An optimization technique was successfully used to predict the surface kinetic 

rates for the amine experimental data.  The calibration and optimization process utilized 

low order analytical models as well as a detailed CFD calculation.  The use of the low 

order analytical model reduced the number of CFD simulations required in the calibration 

process.  By creating a hierarchy of low order models, a process was developed to 

bootstrap between successive levels of these models.  The kinetic parameters developed 

from this work as well as the low order models can be used to explore different purging 
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design recipes.  An optimized FOUP purging recipe will allow for more effective 

decontamination of semiconductor wafers laden with amines. 
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Chapter 4. Estimation of desorption rate of ethane and n-butane on 

silicon wafer surface using molecular dynamics 

In chapter 2 the time scales associated with decontamination and cleaning of 

silicon wafer surface were studied and it was shown that the transport problem was 

limited by surface kinetics. In chapter 3, I successfully tested the proposed optimization 

technique for the amine experimental data using lower order theoretical model and CFD 

tools. For the conditions tested wherein the initial gas concentration was negligible and 

the initial surface coverage was low, it was found that the optimization process becomes 

nearly independent of the adsorption process. It was also found that the desorption 

process is the slowest process. It had become evident from these findings that the 

knowledge of desorption rate is very critical to successfully model the decontamination 

of silicon wafer surface.  

With the development in computer performance, molecular dynamics simulations 

have become a very popular choice to study the adsorption behavior of the wide range of 

chemical contaminants that exists in semiconductor manufacturing units. In the past, 

some work has been done to study physisorption on single-wall carbon tubes using 

molecular dynamics
27,28,29

. Godo et al.
30

 used molecular dynamics, molecular mechanics, 

Monte Carlo method and computer graphics to study adsorption behavior of 

contaminants on silicon wafer surface.  The adsorption energy of chemical contaminants 

was found to be higher than that of lower molecular weight species. The contaminant 

molecule and the interactions between atoms within itself were modeled explicitly and 

their interaction with silicon wafer surface was studied.  

In this study, molecular dynamics has been used to study the adsorption behavior 

of ethane and n-butane on silicon wafer surface. A united-atom approach was followed 
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wherein the entire contaminant molecule is treated as a single entity and its interaction 

with silicon wafer surface was analyzed. The advantages and disadvantages of such an 

approximation will be discussed later. In this study, I used experimental data of n-

pentane
39

 to calibrate the molecular dynamics parameters and used them to estimate the 

desorption rates of ethane and n-butane on silicon wafer surface. Next a brief account of 

the theoretical models used to calculate the desorption activation energy will be given 

followed by the molecular dynamics methodology used. Finally molecular dynamics 

results will be presented and comparison will be drawn with the theoretical model and 

experiments. 

 

THEORETICAL MODEL 

London
1
 (1930) was the first who provided a quantitative physisorption model 

that explained how van der Waals forces could lead to adsorption. London assumed that 

the adsorbate would interact with each of the atoms via a pairwise additive potential 

given by: 

 

         ∑   
 

 

        

(4.1) 
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Figure 4.1: London’s geometric construction to simplify the sums 

where EMS is the potential energy of the molecule as it interacts with the surface as a 

function of rm , the position of the molecule, EMA is the interaction of the molecule with 

an atom in the surface, and rS is the position of the atoms.  London then proposed a 

Lennard-Jones like 6-12 potential for the interaction. The fact that each atom on the 

surface would be pulling the adsorbate was neglected in the model. London further 

assumed that the atoms were all identical and uniformly distributed over the solid, so as 

to replace the pair wise sum by an integral to get the final form as follows: 
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} 

(4.2) 

where ρs is the density of atoms in surface (number of atoms per unit area), re is the 

equilibrium distance when the incoming molecule interacts with the isolated surface 

Z
r

R
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atom, CLond  is a constant which depends on the polarizabilities and ionization energy of 

the molecule and surface atom and Z is the distance from the molecule to the surface as 

shown in Figure 4.1. The model did a reasonably good job in predicting the heats of 

adsorption (for physisorption) on nonmetallic surfaces about as accurately as they have 

been measured. It does not predict the heats of adsorption on metals.  Lennard-Jones
38

 

(1932) later modeled physisorption of gas on the metal treating the metal as an infinitely 

conducting medium.  The functional form of the Lennard-Jones 6-12 potential for atom-

atom interaction is given by 
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(4.3)  

where E is the potential energy of the atom-atom interaction, r is the distance between the 

atoms and  and  are the Lennard-Jones potential parameters. Generally, Lennard-Jones 

works well for large distances and not so well in distances characteristic to 

physisorption
1
, that is, 2-5 

o
A. Nevertheless, these models laid the foundation for a more 

detailed analysis. Scott
45

 used molecular dynamics to study the atomic motion of 

adsorbates at a liquid-solid interface. The pair wise Lennard-Jones potential was 

integrated using London’s method to model the fluid-surface interaction. The rate of 

physical desorption was analyzed using the final form: 
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(4.4) 

where Es is the potential energy of the molecule interacting with the solid surface, Z is the 

distance of molecule from the surface, s is density of atoms in surface (number of atoms 
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per unit area) and  and  are the Lennard-Jones potential parameters for the solid-fluid 

interaction. Balbuena
46

 proposed a similar interaction potential which apart from the 

parameters used by Scott also included the distance D between the planes of atom layers 

within the solid and is given as: 
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(4.5) 

Zhu
47

 (1998) developed a potential energy function to describe interactions between 

adsorbed molecules and solid surfaces. Ignoring possible chemical reactions at the 

interface, the development was based on a combination of the Pauli repulsion, the 

dispersion attraction, and the Coulombs interaction between real and image charges. This 

potential function was used to predict heat of adsorption of various organic/inorganic 

molecules on silicon wafer surface and is given by, 
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     (4.6)  

where  and  are the Lennard-Jones parameters for the gas molecule and silicon atom 

interaction, Vcell is the volume of a unit cell, Z is the non-dimensional distance and is 

defined as the ratio of the perpendicular distance above the surface and , q is the  point 

charge and r is the distance between the pair of charges.  

In this study, an approach similar to London’s model was taken to derive a theoretical 

model by using Lennard-Jones potential to define the individual interactions between the 

contaminant atom and any surface atom. The total interaction of the contaminant atom 
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with the surface is the sum of the interaction with all the atoms to infinity in the ± x, ± y 

and – z directions. The total interaction can be written as, 
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where  is the density of atom per unit volume. The above triple integral with Cartesian 

co-ordinates can be replaced with cylindrical co-ordinates as follows, 
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After integration the above equation reduces to a final form given by, 
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   (4.9) 

The model derived above and the theoretical models by Balbuena and Scott will be 

compared to experiments and molecular dynamics results. 

 

MOLECULAR DYNAMICS METHODOLOGY 

As mentioned previously, the physisorption of the selected alkanes on silicon 

wafer surface was simulated using DL_POLY_2
32

. Simulation were performed using 

16896 silicon atoms and some gas particles (200-350) with periodic boundary conditions 

to a rectangular simulation cell as shown in Figure 4.2. The silicon surface was simulated 

using a slab made of 16x16x8 unit lattices of Silicon (100) on either end of the  
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Figure 4.2: Simulation cell showing gas particles interacting with silicon wafer surface 

 

Figure 4.3:  Schematic of a single unit lattice of silicon (100) 

 

rectangular box. Such a unit lattice is shown in Figure 4.3. The three digits following 

silicon are the miller indices which represent the orientation of the atomic plane in the 

crystal lattice and are defined as the reciprocal of the fractional intercepts the plane 

makes with the crystallographic axes. The slab was thick enough to mimic bulk 

properties of silicon. A monolayer of gas particles were initialized on one side of the 

simulation cell while the other side was left empty. The initial position of the gas 

particles was determined using the molecular dynamics utility called PACKMOL
48

. The 

Slab with 16X16X8 unit lattice
(Thick enough to mimic bulk)
(86.88 x 86.88 X 43.44  oA3 - 8448 atoms)

500  0AGas particles43.44  0A 43.44  0A

86.88  0A

Slab with 16X16X8 unit lattice
(Thick enough to mimic bulk)
(86.88 x 86.88 X 43.44  oA3 - 8448 atoms)
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simulation cell length was long enough so that the silicon wall at the other end does not 

have any effect on the initially adsorbed gas particles. The particles once desorbed will 

travel away from the surface and will get adsorbed on the other end, thus preventing them 

from entering the domain again.  Procedure outline in chapter 1 was followed to 

minimize and equilibrate the initial configuration to the target state. Simulation was 

carried out using canonical ensemble (constant NVT using Nose-Hoover thermostat
49

) 

wherein it is allowed to transfer heat to a heat bath to maintain its temperature to the 

desired value. The velocities were also scaled frequently during equilibration till the 

target temperature was reached. Some gas particles get away from the monolayer during 

energy minimization and equilibration. These particles were taken out of the system. 

Once equilibrated the production runs were carried out on this equilibrated configuration 

and the number of particles desorbed with time were monitored. Velocity Verlet
50

 

scheme was used to numerically integrate the Newton’s equation of motion. A time step 

size of 0.0001 picoseconds was used which allowed for the total energy to be conserved 

within 0.0001%. The temperature fluctuations during the entire simulation were always 

within ±5 Kelvin. The silicon structure was found to be stable during the entire 

simulation run. Next the brief explanation is given on the potentials used in the study.  

Silicon-silicon potential 

Tersoff
37

 potential was used to model the covalent bonds in silicon and is 

discussed in detail elsewhere.  The force-field parameters were directly taken from 

Munetoh el al.
51

.  

Gas-gas potential 

The forces within the gas molecule were neglected and the molecule was modeled 

as a single entity what is referred to as a particle in this work. The particle-particle 
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interactions were modeled using L-J potential as discussed earlier. The potential was set 

to a value of zero at interatomic distances greater than 13 
0
A where its value is negligible. 

The potential parameters for the gas molecules of interest are listed in the following table.  

 

Gas Molecule Epsilon  (kJ/mol) Sigma  (
0
A) 

n-pentane 2.87 5.77 

Ethane 1.91 4.42 

n-butane 3.41 5.00 

 

Table 4.1:  L-J Parameters
52

 for alkanes used in molecular dynamics 

Gas-silicon potential 

L-J potential was used to simulate the interaction between each gas particle and 

the surface atoms. This potential is used to mimic the physical adsorption process. Since 

there are no force fields directly available to describe this interaction, we used the 

experimental data of n-pentane
39

 to best estimate these parameters. The calibration 

procedure ensures that the model contains all of the essential physics necessary to model 

the system. Next, some validation results for DL_POLY_2 are presented using the 

potentials that were used in this study.  

Validation results for DL_POLY_2 using Lennard-Jones potential 

L-J potential was used to simulate the interaction of 255 Argon particles using 

periodic boundary condition and NVE ensemble. The L-J parameters and some relevant 

thermodynamics and simulation results are tabulated below. 
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Parameter Value 

L-J Energy Eps (kJ/mol) 0.996 

L-J Sigma (
0
A) 3.405 

Pressure (katm) 3.172 

Temperature (K) 108.22 

Total Energy (kJ/mol) -1.52x10
3 

Potential Energy (kJ/mol) -1.86x10
3 

Enthalpy (kJ/mol) 2.82x10
2 

Virial (kJ/mol) -4.71x10
3 

Volume (
0
A

3
) 9292.80 

Table 4.2: L-J potential validation study – Input Parameters and Simulation Results 

To check the validity of the simulation the system pressure estimated was 

compared with the pressure calculated using the virial theorem which states that, 

 

         
 

 
〈∑    

 

   

〉 

(4.10) 

where … denotes the time (ensemble) average. The pressure calculated using the virial 

theorem was found to be very close (3.173 katm) to the one estimated using molecular 

dynamics.   
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Validation results for DL_POLY_2 using Tersoff potential 

Tersoff potential was used to simulate the silicon slab containing 8192 atoms with 

periodic boundary condition and NPT ensemble. The simulation was conducted at two 

different temperatures (1 K and 300 K) and the change in dimension of the rectangular 

box was noted. The changes in dimensions are tabulated below.  

 

Size of the slab 1 K 300 K 

X-dimension (
0
A) 86.88 87.08 

Y-dimension (
0
A) 86.88 87.08 

Z-dimension (
0
A) 21.72 21.77 

Table 4.3: Size of the simulation cell at two different temperatures 

The average bond length at 1 K was found to be 2.34 
0
A which is really close to the 

experimental value of 2.35 
0
A. The coefficient of thermal expansion was found to be 

7.7x10
-6 

K
-1

 as compared to the experimental estimate of 2.6x10
-6 

K
-1

. The potentials 

validated above are extensively used in the field of molecular dynamics to estimate bulk 

properties, free-energy calculation, and transport properties.  
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Figure 4.4: Flow chart outlining the calibration procedure  

 

Figure 4.5: Flow chart outlining the procedure used to extract desorption rates using 

molecular dynamics 

Figure 4.4 and Figure 4.5 outline the procedure followed to extract kinetic rates using the 

validated potentials and mixing rules along with molecular dynamics. A detailed 

procedure is given below. 

Molecular 
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Calibration of the modeling parameters using experimental data 

The activation energy for desorption of n-pentane expressed in Arrhenius form 

was measured to be 47 kJ/mol
32

. This value will be used to calibrate the silicon-gas 

interaction potential in the molecular dynamics model. The Lennard-Jones potential for 

silicon-gas interaction needs two values; the Lennard-Jones energy () and the Lennard-

Jones interatomic distance (). For the given activation energy which is essentially the 

depth of the theoretical potential well there exist multiple solutions. For example if we 

use proposed theoretical model (equation 4.9), the possible solution will be any value 

along the line as shown in figure below. The solution is plotted only in the  range of 2-5 

0
A

 
 which is a typically seen physisorption range

1
.  

 

 

Figure 4.6: Possible solutions to the calibration parameters for L-J Potential 

It can been seen in Figure 4.6 that as the length parameter decreases the energy parameter 

increases. Clearly, there are multiple solutions to the potential parameters of interest. In 

this study, the value of the interatomic distance () at the minimum of the potential 
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energy for gas-silicon interaction was set at 3.6 
0
A and only the L-J energy () was 

calibrated.  was based on the average of the largest C-C bond distance (3.8 
0
A) in n-

pentane and the Si-Si bond distance (2.32 
0
A) , adjusted for the fact that the physisorption 

bond is likely to be somewhat larger (≥ 0.5 
0
A) than a chemisorption bond.  This 

approximation to the length parameter is more realistic and representative of the physics 

being simulated than any other value and will significantly reduce the calibration effort, 

since the number of unknowns has reduced from two to one. A similar approach was 

taken by Reeves
53

 to study the trapping probabilities of ethane on silicon surface and 

reasonable success was achieved. The best fit of the experimental data to the theoretical 

model by Balbuena gave the starting guess for the Lennard-Jones energy () to begin 

molecular dynamics simulations. This Lennard-Jones energy for the interaction potential 

was calibrated using the experimental data. The n-pentane particles and silicon atoms 

were equilibrated to the desired temperature (T1) and production run was carried out 

while noting the number of particles desorbed and the time. The solution to the MOSAIC 

model with negligible gas concentration is, 

 

                      

(4.11) 

where S is the transient surface concentration, S0 is the initial surface concentration and 

K is the desorption rate. As the simulation progressed more particles were desorbed and 

as a result S decreased. The ln(S/S0) was plotted against time and a linear fit was made to 

the data points. Analytical solution of equation (4.10) tells us that the slope of the linear 

fit is essentially the desorption rate.  This procedure was repeated for another temperature 

(T2) and the corresponding desorption rate was determined. The experimental data exist 

in the form of the activation energy (well-depth) and it is necessary to convert the 
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desorption rate to energy form to calibrate the model. The desorption rate is expressed in 

Arrhenius form as follows, 

 

       ( 
 

  
)      

   (4.12) 

The slope of the linear fit to the plot of ln(K) against (-1/RT) (using K values at T1 and 

T2) is essentially the activation energy (E) associated with the desorption process and the 

exponential of the intercept of the linear fit is the pre-exponential factor (A). The first run 

of MD predicted an activation energy lower than the experimental value and it was 

necessary to run MD with an updated L-J energy. This parameter was updated based on 

the theoretical slope dE/d for Balbuena model and the procedure was repeated. The 

theoretical slope and the one estimated using the best fit to the simulation results is 

tabulated below.  

 

Model Slope 

Balbuena -8.38 

Scott -5.63 

My model -5.15 

Simulation -1.90 

 

Table 4.4 Slope dE/d: Theoretical vs. Simulation 

For faster calibration, after the first three runs, the fourth run of MD was extrapolated 

using the best fit to the simulation results instead of the theoretical slope. The slope and 

the intercept for the best fit were (-1.9) and (-18.8) kJ/mol, respectively. The theoretical 

slopes are significantly larger than simulation slope. The presence of the large intercept in 

the simulation data represents to some degree the aberration of the simple theoretical 
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models and reality. The various runs and the resulting activation energy are given in 

Table 4.5. 

 

 Epsilon  (kJ/mol) Sigma (
0
A) Energy calculated 

1
st
 Run 3.86 3.6 26.4 

2
nd

 Run 7.72 3.6 33.1 

3
rd

 Run 11.6 3.6 41.1 

Extrapolated 4
th

 Run 14.47 3.6 47.5 

 

Table 4.5: L-J Potential Parameters and corresponding activation energy 

The change in the surface concentration (number of particles physisorbed) with time for 

the 4
th

 and final run is tabulated below. The corresponding desorption rates for n-pentane 

are shown in Figure 4.7 and the activation energy is shown in Figure 4.8. 

 

 

Time (ps) S (at 800 K) Time (ps) S (at 600 K) 

0 201 0 205 

30 199 500 204 

90 198 900 203 

140 197 1300 202 

240 195 2000 201 

300 194 - - 

Table 4.6: Change in surface concentration with time at two different temperatures  
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Figure 4.7: Desorption rates for n-pentane using molecular dynamics at 600 K and 800 

K 

Now that the silicon-gas interaction for n-pentane has been successfully calibrated to the 

experimental value, this information was used to simulate the silicon-gas interaction for 

other contaminants. Mixing rules were used to estimate the L-J parameters for silicon-

silicon interaction and then these solid-solid parameters were used along with other gas-

gas parameters of interest to estimate the gas-solid parameters for other contaminants. 

Lorentz-Berthelot
54

 (L-B) mixing rule is one of the most widely used mixing rule and 

was used in this study to deduce the L-J parameters for the silicon atoms. An arithmetic 

average is used for the collision diameter while a geometric average is used for the well 

depth. 
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where (ii) and (jj) are L-J parameters for gas particles and silicon atoms, respectively 

while (ij) is associated with the gas-solid interaction. The calibrated L-J potential 

parameters for the n-pentane and silicon system are tabulated below. The desorption rate 

was found to be temperature dependent and its effects were further explored using CFD 

analysis of a simple domain with heated nitrogen purge. These results are discussed in 

Appendix B.  

 

 

Figure 4.8: Activation energy calculations for n-pentane using desorption rates at 

different temperatures 

 Epsilon  (kJ/mol) Sigma  (
0
A) 

Gas-Gas
#
 2.87 5.77 

Gas-silicon
$$ 

14.47
 

3.60  

Silicon-Silicon
++ 

72.95 1.43 
# Known from literature 

$$ Calculated using calibration with experimental data 

 ++ Estimated using Lorentz-Berthelot mixing rule 

Table 4.7: L-J parameters for n-pentane and silicon system after calibration to 

experimental data 
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The calibrated L-J potential parameters for the silicon-silicon interaction and gas-gas 

interaction available from literature were used along with mixing rule to estimate the gas-

silicon interaction for the ethane and n-butane. These estimated parameters are listed in 

table below. These parameters were used directly in molecular dynamics to model the 

gas-solid interaction and the desorption rates were estimated.  

 

 Epsilon  (kJ/mol) Sigma  (
0
A) 

Ethane-Silicon 11.77 2.93 

n-butane-Silicon 15.63 3.22 

 

Table 4.8: L-J parameters for gas-solid interaction for ethane and n-butane 

 

RESULTS AND DISCUSSIONS 

The L-J parameters for the gas-solid interaction tabulated above were used in 

molecular dynamics simulation. The simulation were conducted at two different 

temperatures and a procedure similar to calibration procedure was carried out to estimate 

the desorption rates and then the activation energy and the pre-exponential factor from 

estimated rates for ethane and n-butane. The change in the surface concentration (number 

of particles physisorbed) with time for ethane and n-butane are given in Table 4.7. Figure 

4.9 and Figure 4.10 show the corresponding desorption rates for ethane and n-butane, 

respectively at two different temperatures.  
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Time 

(ps) 

S for 

ethane (at 

600 K) 

Time 

(ps) 

S for 

ethane (at 

800 K) 

Time 

(ps) 

S for n-

butane (at 

800 K) 

Time 

(ps) 

S for n-

butane (at 

900 K) 

0 349 0 316 0 262 0 256 

20 347 20 309 30 261 20 255 

40 343 40 302 90 257 70 250 

60 341 60 297 180 254 120 247 

80 339 80 288 210 253 170 245 

100 338 - - 240 251 - - 

- - - - 270 250 - - 

 

Table 4.9: Change in surface concentration with time at two different temperatures for 

ethane and n-butane 

 

 

 

Figure 4.9:  Desorption rates for ethane using molecular dynamics at 600 K and 800 K 
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Figure 4.10:  Desorption rates for n-butane using molecular dynamics at 800 K and 900 K 

The results show that the desorption rate increases as the temperature increases. As the 

silicon slab was heated it expands bringing the surface layer of silicon atoms closer to the 

adsorbed molecules. For a isothermal system like the one tested, the thermal motion of 

the lattice (vibrations) acts as a time-dependent perturbation on the surface potential with 

which the gas particle is bound to silicon, and hence supply the desorption energy
55

. The 

higher the temperature, the surface layer expanded further and the magnitude of vibration 

increased desorbing the molecules at a faster rate. The desorption rates at different 

temperatures were used to estimate the activation energy and pre-exponential factor in the 

Arrhenius rates. The ln(K) values were plotted against (1/RT) values and is shown in 

Figure 4.11. The slope and intercept of the best fit to the data points were used to 

estimate the Arrhenius parameters. The activation energy and the pre-exponential factor 

for the alkanes tested are shown in Table 4.8. 
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Figure 4.11:  Activation energy calculations for ethane and n-butane using desorption 

rates at different temperatures 

 

Alkane Activation Energy (kJ/mol) Pre-exponential factor (1/s) 

n-pentane 47.47 1.37x10
11 

Ethane 24.14 4.24x10
10 

n-butane 26.87 9.85x10
9 

 

Table 4.10:  Activation energy and Pre-exponential factor for the tested alkanes 

Comparison with experiments and theory 

As was mentioned earlier the thermal motion of the lattice (vibrations) acts as a 

time-dependent perturbation on the surface potential with which the gas particle is bound 

to silicon. The pre-exponential factor can be interpreted as the attempt frequency with 

which the adsorbed particle tries to escape from the potential well. Whereas activation 

energy is equilibrium property of the gas-solid system, the dynamics of the energy 

transfer during desorption process is contained in the pre-exponential factor. For 

physisorbed systems with low coverages (well below monolayer coverage), transition-
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state theory predicts a pre-exponential factor of about 10
13

/second for desorption 

processes. Kreuzer and Gortel
55 

have shown theoretically that the pre-exponential factor 

is coverage dependent and decreases as the coverage increases and may drop even below 

10
10

/second for system with close to monolayer or above monolayer coverage. For the 

system tested in this study which has a close to a monolayer coverage, pre-exponential 

factors of order 10
10

-10
11

/second were predicted which is in good agreement with what 

theory is suggesting. The predicted activation energy for ethane and n-butane using 

molecular dynamics are in good agreement with the experimental values. These 

comparisons are tabulated below.  

 

Alkane Simulation (kJ/mol) Experiment (kJ/mol) % Difference 

Ethane 24.14 21.23 14 

n-butane 26.87 32.00 16 

 

Table 4.11:  Activation energy: Simulation vs. Experiments 

 

Theoretical models by Balbuena, Scott and the one proposed in this study were used to 

compare the activation energy from experiments and simulations. Apart from the 

contaminants used for calibration and simulations, n-nonane ( = 2.03 kJ/mol,  = 8.45 

0
A)

52
 and methanol ( = 4.25 kJ/mol,  = 3.59 

0
A)

52
 were also studied using the 

theoretical model. The theoretical model needs the L-J parameters for gas-solid 

interaction to predict the activation energy which is the minimum value predicted by the 

potential function or in other words the depth of the potential well. A procedure similar to 

one used in molecular dynamics was used to estimate these parameters. The theoretical 

model was first calibrated using the experimental data for n-pentane. The interatomic 

distance at the minimum of the potential () was set to 3.6 
0
A and the energy parameter 
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() was calibrated to get an experimental value of 47 kJ/mol.  Only Balbuena model and 

proposed model has been calibrated. L-B mixing rule was employed to estimate the 

potential parameters for silicon-silicon interaction and later again to estimate the gas-

solid interaction parameters for the other contaminants. The estimated L-J parameters for 

solid-gas interaction are listed below in Table 4.10. Silicon-Silicon interaction parameters 

were estimated to be (10.93 kJ/mol, 1.43 
0
A) by calibrating Balbuena model and (28.85 

kJ/mol, 1.43 
0
A) by calibrating the proposed model with n-pentane experimental data. 

 

Contaminant L-J Parameters (, ) - Calibrated 

using Balbuena model 

L-J Parameters (, ) - Calibrated 

using the proposed model 

n-pentane (5.60 , 3.60) (9.10, 3.60) 

Ethane (4.57, 2.93) (7.42, 2.93) 

n-butane (6.10, 3.22) (9.92, 3.22) 

n-nonane (4.71, 4.94) (7.65, 4.94) 

Methanol (6.81, 2.51) (11.07, 2.51) 

 

Table 4.12:  L-J Parameters for solid-gas interaction for different contaminants found 

using calibration of Balbuena and proposed model to the experimental data 

for n-pentane 

The above listed parameters were used to estimate the activation energy using Equations 

(4.4), (4.5) and (4.9) and the results are listed below in Table 4.13 and Table 4.14.  
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Contaminant Experiments Balbuena model Scott model Proposed model 

n-pentane 47 N/A 13.68 28.84 

Ethane 21.23 19.44 7.36 12.62 

n-butane 32 35.35 11.89 22.33 

n-nonane 56 114.06 21.63 62.59 

Methanol 41 18.05 8.09 11.83 

 

Table 4.13: Activation energy estimates using theoretical models – Calibrated using 

Balbuena model 

 

Contaminant Experiments Balbuena model Scott model Proposed model 

n-pentane 47 76.23 22.23 N/A 

Ethane 21.23 31.59 11.95 20.5 

n-butane 32 57.45 19.32 36.29 

n-nonane 56 185.34 35.16 101.71 

Methanol 41 29.33 13.15 19.22 

Table 4.14:  Activation energy estimates using theoretical models – Calibrated using 

proposed model 

 

Though magnitudes were different, similar to the experiments the theoretical models 

predicted the trend pretty well. The activation energy was higher for higher molecular 

weight alkanes. The activation energy for the only polar contaminant, methanol, was 

under predicted by all the models.  This can be attributed to the fact that the parameters 

were calibrated against a non-polar molecule (n-pentane) and also that the polarity needs 

explicit treatment which has been neglected in these models. The percentage difference in 

the theoretically estimated values and experiments is listed in Table 4.15. The first value 

in parenthesis is estimates when calibrated using Balbuena model while the second value 

is when calibrated using proposed model.  
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Contaminant Balbuena Scott Proposed 

n-pentane (N/A, 62) (71, 53) (39, N/A) 

Ethane (8, 49) (65, 44) (41, 3) 

n-butane (10, 80) (63, 40) (30, 13) 

n-nonane (104, 231) (61, 37) (12, 82) 

Methanol (56, 28) (80, 68) (71, 53) 

Table 4.15:  Percentage Difference in activation energy estimates  

The error in Scott’s model was higher than the other two models in most of cases. 

This can be attributed to the fact that Scott’s model considers only a single-layer of 

surface atoms while Balbuena and proposed model considers multiple layers. Overall, the 

error in predictions were smaller in models calibrated using themselves and the proposed 

model did a marginally better job than Balbuena model. The L-J energy parameter for the 

Silicon-Silicon interaction predicted by the proposed model (~28 kJ/mol) was closer to 

the one predicted using molecular dynamics (~ 73 kJ/mol) than the one predicted using 

Balbuena model (~11 kJ/mol).  

Comparison with other approaches 

The most common approach used in other MD studies to estimate desorption rates 

uses a single contaminant molecule interacting with a clean surface and the activation 

energy estimates are based on a potential energy  surface which the molecule tracks as it 

approaches the surface. Huarte-Larranaga et al
28

 studied the distribution of molecular 

hydrogen physisorbed on single walled carbon nanotubes (SWNTs) using molecular 

dynamics. A potential energy surface was simulated which experiences a single hydrogen 

molecule interacting with the clean surface. The average potential as a function of z-

coordinate was seen to be as a measure of heat of adsorption energy for physisorption. 

Similar to Huarte-Larranaga approach, Godo
30

 in his study of adsorption behavior on 

silicon wafer defined the adsorption energy as follows: 
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        (4.14) 

where Ead is the adsorption energy of a chemical contaminant on silicon wafer, TEad is the 

total energy of the adsorption state, TESi is the energy of silicon wafer and TEcc is the 

total energy of chemical contaminant. These approaches have achieved reasonable 

success in predicting the activation energy for the desorption process. The assumptions 

that there are no lateral interactions and the surface is clean initially are reasonable for 

very low initially surface coverage. For problem where the initial coverage is higher and 

close to monolayer, this approach might not work well. In this study, the initial coverage 

was close to monolayer, lateral reactions were allowed and the desorption rate were 

calculated based on real time surface kinetics. The situation resembles more of a realistic 

scenario than Godo’s approach. The estimated pre-exponential factors were closer to that 

suggested by theory for physisorption reaction as a result of modeling the surface kinetics 

at real time.  

While Godo’s approach does not give an estimate to the pre-exponential factor it can 

make better predictions to the activation energy for a low coverage system. One of the 

major assumptions made in this study was to model the contaminant molecule using a 

united atom approach where all the internal degrees of freedom of the molecule were 

neglected. A reasonable success was achieved for ethane and n-butane but it will be 

difficult to predict the results for longer and bigger molecules using the same approach 

with similar accuracy. Godo’s formulation included all the internal details of the 

molecule and their approach most likely would predict the activation energy for 

desorption more accurately.  
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CONCLUSION 

A single pair of parameters was successfully used to model the real-time gas-solid 

interaction for ethane and n-butane on silicon wafer surface. This approach can easily be 

extended to bigger and longer molecules though it might not produce the same level of 

accuracy as that achieved for ethane and n-butane. Because the real time effects of 

surface kinetics were captured, one gets an estimate of the coverage dependent pre-

exponential factor which is critical in modeling the desorption problem.  This is different 

from other types of MD simulations of desorption energy that use ensemble averaging of 

single molecule interaction with surfaces.   The values for the pre-exponential term 

computed in the MD simulations were two to three orders of magnitude smaller than 

what is sometimes cited in the literature.  Deeper probing into the literature uncovered a 

divergence in the cited values, with the values computed here being consistent with 

higher surface coverage systems. 
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Chapter 5. Concluding Remarks 

The fundamental understanding of surface reactions is important to the 

development of the existing technologies including but not just limited to semiconductor 

manufacturing.  The adsorption-desorption processes are the rate limiting steps in surface 

reactions. The adsorption of chemical contaminants on silicon wafer surfaces is well-

known to cause serious problems in semiconductor manufacturing. In order to optimize 

the yields in a semiconductor wafer fabrication unit there is a need for process modeling 

that addresses the details of wafer contamination.  Wafer contamination and cleaning is a 

complex process that covers various length and time scale events and phenomena.  At a 

large scale, one might be interested in analyzing the large scale process modeling 

approaches to cleaning wafers while at smaller scales, the specific molecular 

configuration of the contaminant species and its impacts to cleaning and hence the 

performance of wafers might be of interest. This study considered adsorption of chemical 

contaminants on semiconductor wafer surface at both the length scales.  In chapter 2 and 

chapter 3, a large scale model was considered, while in chapter 4 an atomistic level 

model was studied. 

In chapter 2, Computational Fluid Dynamics (CFD) was used to model the 

cleaning of the semiconductor wafers using nitrogen purge while they are being carried in 

Front Opening Unified Pod (FOUP). A CFD model was successfully validated using the 

experimental data for diethyl phthalate and then this data was used to study the time 

scales associated with surface kinetics and the FOUP purging. The results showed that 

the transport time was considerably smaller than adsorption time, and desorption time 

was larger than adsorption time. The purging of the FOUP with initial surface coverage 

and even small gas concentrations showed an increase in surface coverage at early times 
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before a decrease occurred at later times. It was concluded that for better 

decontamination, it would be advisable to purge the system with a high initial flow rate of 

purge gas to reduce the contaminant gas concentration in the FOUP thus limiting the 

initial adsorption driven surface contamination. Overall, the optimal flow rate for purging 

depends on the target surface coverage, the cost of the amount of nitrogen utilized and the 

time required to purge. For a complex geometry like the FOUP which has regions with 

various flow speeds and transport times, the overall rate of cleaning was found to be 

strongly depend on the local flow processes on any given wafer. As such it became 

important to study the decontamination problem in FOUP from not just surface kinetics 

but from a fluid dynamics perspective as well.  In Chapter 3, the decontamination in the 

FOUP was further analyzed using a theoretical model where it was split into two zones. 

The relatively inexpensive two-zone model allowed for better understanding of the 

decontamination behavior in the FOUP. With the parameterized two zone model, one can 

also perform additional simulation in which the effects of different initial concentrations 

etc on the purging process can be explored.  

The lack of surface kinetics data for the wide range of chemical contaminants that 

exists in a semiconductor fabrication unit prompted alternatives ways to estimate surface 

kinetic data so as to effectively model the adsorption phenomena. The two zone model 

was utilized along with well mixed model and CFD tools to estimate the surface kinetics 

data for amine. In chapter 3, an optimization technique was proposed and successfully 

used to predict the surface kinetic rates for the amine experimental data.  The calibration 

and optimization process utilized low order analytical models as well as a detailed CFD 

calculation.  The use of the low order analytical model reduced the number of CFD 

simulations required in the calibration process.  By creating a hierarchy of low order 

models, a process was developed to bootstrap between successive levels of these models. 
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For contaminants with no experimental data, the adsorption behavior was modeled at 

atomistic level using Molecular Dynamics (MD) which allowed for a more fundamental 

understanding of the contamination problem. In chapter 4, molecular dynamics was used 

to predict the desorption rate for ethane and n-butane. A single pair of parameters was 

successfully used to model the gas-solid interaction for ethane and n-butane. The 

equilibrium as well as the dynamics of the gas-solid system were studied. The activation 

energy estimated from MD was found to be reasonably close to experimental values. The 

real time effects of surface kinetics were captured, such that one gets an estimate of the 

pre-exponential factor. A simple yet very powerful method to extract surface kinetics 

information was presented. 

Overall, this study successfully characterized the multi-scale problem of wafer 

cleaning. Appropriate tools and models were developed at different scales to best predict 

the dynamics of contaminant removal from wafer surfaces. A standardized method was 

presented to extract kinetic rate parameters using molecular dynamics simulation 

(smaller-scale) and optimization for use in a larger-scale model of wafer decontamination 

using computational fluid dynamics (CFD). Also, by using available experimental data 

and CFD analysis, an optimized FOUP purging recipe for better decontamination was 

presented and the relative magnitude of the time scales associated with surface kinetics 

and FOUP purging were estimated. 

 

RECOMMENDATION FOR FURTHER STUDY 

The use of computational fluid dynamics and molecular dynamics has proven to 

be a very promising tool to characterize the decontamination behavior on silicon wafer 

surface. The quantitative agreement of the simulation with the experiments is enough 

evidence to extend the proposed methodology to other system of interest.  
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Just not the decontamination of silicon wafers but other wafer materials like 

silicon-germanium alloys and Gallium-Arsenide can also be studied using the same 

method. The CFD model and the theoretical model developed to model large-scale 

transport can easily be extended to other transport equipment used in the semiconductor 

fabrication unit. The concept of well-mixed model and two-zone model can be used with 

other scalar transport problems where, just like the FOUP, there are local flow patterns 

affecting the overall transport problem. The understanding of the local physics will be 

critical in deciding how the model domain has to be decoupled.  

Molecular dynamics study of gas-solid interaction has provided a fundamental 

insight into the desorption problem. The kinetics rates estimated include real time 

behavior and hence the dynamic behavior and the pre-exponential factor are found. This 

approach can be extended to other pairs of gas-solid interactions.  The contaminant 

species can be modeled in much greater detail including internal bonds within the 

molecule. The poor theoretical estimates for a polar molecule like methanol showed how 

exclusion of electrostatic behavior can affect the overall kinetic behavior and modeling 

these effects into the MD model would definitely give more realistic estimates. 
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Appendix A 

The CFD analysis of FOUP purging revealed that the decontamination of wafers 

though limited by surface kinetics also depends on the local flow dynamics and 

especially on the flow speed attained between wafers. For the simple configuration of the 

FOUP with a single inlet, the center of the wafer was observed to have poor purging than 

other locations. Overall, the top region of the FOUP saw better purging than the middle 

and the lower region. It was premised that if a different configuration of a FOUP was 

used which will allows for more even distribution of the flow, the purging efficiency will 

increase. Instead of a single inlet, a FOUP with a cylindrical plenum was simulated to see 

the improvement in purging. The plenum had 25 rows of inlet holes, each directing flow 

towards the gap between consecutive wafers. Each row consisted of two inlet holes of 5 

mm diameter spaced at an angle of 60 degrees. A representative schematic is shown in 

Figure A.1. 

 

Figure A.1: Schematic showing a FOUP system with plenum 
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Figure A.2:  Mass fraction of moisture at a central plane inside a FOUP with a simple 

configuration after 2 minutes 

 

 

Figure A.3:  Mass fraction of moisture at a central plane inside a FOUP with a plenum 

configuration after 2 minutes 
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The FOUP was purged with nitrogen at a flow rate of 18 liters per minute.  

Moisture was used as a contaminant species with initial moisture content in gas phase and 

zero surface coverage. The aim was to evaluate the improvement in purging with plenum 

configuration. The surface kinetics was not considered thus limiting the cleaning to 

transport. The initial mass fraction inside the FOUP environment was 1.47x10
-7

. Figure 

A.2 and Figure A.3 show the mass fraction of moisture inside the FOUP environment at a 

central plane after 2 minutes in the simple configuration and plenum configuration, 

respectively. The plenum configuration was seen to attain a more even purging with a 

significant improvement in efficiency. While the middle wafer region of the simple 

configuration is still at highest moisture levels, the wafer region in plenum configuration 

has reached a considerable lower value in just 2 minutes of purging showing a significant 

improvement in purging efficiency.  
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Appendix B 

The desorption process is the slowest and the rate limiting step in the 

decontamination of silicon wafers. Thermal desorption spectrometry and the Arrhenius 

form from theory used to describe desorption phenomena suggests that desorption rate 

should increase with the increase in temperature.  A study was undertaken to explore the 

impact of thermal effects on the desorption rate using CFD analysis. The inlet nitrogen 

purge temperature was increased and its effect on the desorption rate was noted. A 

domain similar to the validation geometry and the validated kinetics for diethyl phthalate 

(DEP) were utilized with an inlet at the top of the rectangular box, outlet at the bottom of 

the side walls and the silicon wafer placed at the center of the bottom surface as depicted 

in the schematic below. The inlet velocity was 10 cm/s, the initial gas concentration 

within the domain was 20x10
-9

 kg/m
3
 and the initial surface coverage was 2% of the 

monolayer.  

 

Figure B.1: Schematic showing the domain (1.2 m x 1.8 m x 0.6 m) to study the thermal 

effects 



 94 

 

 

Figure B.2:  Non-dimensional surface coverage as a function of time for different inlet 

temperatures 

The simulation was continued for 180 minutes and the transient surface coverage 

was monitored for three (300 K, 320 K, 340 K) inlet temperature cases. An additional 

case with no initial gas concentration at 300 K was simulated as well. The results are 

shown in Figure B.2. While the surface coverage reduced to 50% of the initial value for 

the 300 K case, it reduced by an order for the 320 K case and by two orders for the 340 

K. The additional case with no initial gas concentration showed no increase in surface 

coverage as a result took only 80 minutes to reduce the surface coverage to 50% of the 

initial value as opposed to 180 minutes taken by the corresponding case at 300 K with 

initial gas concentration. The surface coverage increased slightly before steadily 

decreasing for the 300 K case, which points to adsorption dominant flow at initial times 
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and desorption dominant phenomenon at later times once the initial gas concentration 

was taken out of the system by the purge gas. Trade-off between using heated nitrogen 

instead of nitrogen at room temperature was not investigated. 
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