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ABSTRACT
—
Cleanrooms are critical environments for many 

industries. Contamination control has been a 

necessity for semiconductor processing for more 

than 50 years. To maintain ultra-pure air quality in  

a cleanroom, it is important to understand airborne 

molecular contamination (AMC) concentrations  

and air flow profiles throughout the cleanroom  

and around process tools such as scanners, clean 

tracks and metrology tools. 

A 2-dimensional computational fluid dynamics (CFD) 

model was developed to understand air flow patterns, 

concentrations, distribution and mixing of AMC in 

semiconductor cleanrooms with varying AMC filter 

coverage for a specific grid of air fan filter units (FFU). 

The model was utilized to explore the AMC concen-

tration levels and their change for different FFU 

coverage scenarios at 1st and 2nd pass of air flow. 

Model results demonstrate the significant differences  

in clean and contaminated areas when utilizing less 

than 100% FFU coverage for AMC filters. We also 

show significant non-uniformity in air downflow 

within the cleanroom near process tools, which 

deflect the laminar air stream. Furthermore, the 

velocity profiles varied significantly with different 

height and different positioning of the process  

tools. That variable flow path created non-uniform, 

localized concentration increases of AMC in the 

cleanroom. 

The analysis offers insight into AMC concentration 

and air flow profiles in a cleanroom, and how the 

contaminant concentrations differ by height and  

by positioning of the process tools. The study can  

be used to optimize process conditions, minimize 

contamination, as well as AMC filter cost of owner-

ship. In addition, the modeling approach employed 

here can be used to incorporate machine learning, 

actual AMC measurements, dimensions and clean-

room designs to create a digital twin to simulate the 

operation, energy budget and contamination control 

of cleanrooms.

INTRODUCTION
—
Cleanrooms are critical environments in many 

industries, such as micro-electronics and pharma-

ceuticals. Contamination control has been a necessity 

for semiconductor processing since its beginning 

more than 50 years ago.1 Particulate contamination 

largely follows laminar flow patterns and is easily 

addressed through filtration with high and ultra 

efficiency particle filters (HEPA/ULPA). AMC, on  

the other hand, has become a concern with more 

sensitive processes, such as deep-UV (DUV) semicon-

ductor patterning around the 90-65 nm technology 

nodes.2,3,4,5,6 Over time, cleanroom designs have 

evolved to minimize impact of AMC, gas-phase 

chemicals of organic and inorganic nature, typically 

at parts per billion (ppb, 10-9) level ambient concen-

trations. AMC is introduced from outside air and from 

internal sources and dispersed into the cleanroom 

environment where it can cause damage to process 

tools, induce defects, and reduce product yield.

In contrast to particulate contamination, AMC does 

not strictly follow laminar flows. Gas phase contami-

nants can exhibit substantial lateral diffusion and 

mixing. If obstacles such as process tools are added 

to the flow pattern, AMC can be deflected and travel 

significant horizontal distances to contaminate areas 

that are traditionally well protected from particulate 

contamination. To minimize airborne contamination 

and localize its impact, many cleanrooms are operated 

under laminar air flow from top down, entering through 

FFU and exiting through open floors. AMC filters are 

employed in conjunction with ULPA particle filters on 

top of FFUs to adsorb AMC. However, laminar flow 

patterns created by FFU air are often disrupted and 

altered by the process tools spread out over the 

cleanroom area. Therefore, to maintain ultra-pure  

air quality of the cleanroom, it is important to under- 

stand AMC concentrations and flow profiles around 

the process tools. 
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Such added contamination considerations then 

require more densely spaced filtration patterns to 

effectively remove AMC and protect process steps 

that are sensitive to impact from gas-phase con- 

tamination. Understanding flow patterns and AMC 

distribution can offer key insights to minimize 

filtration needs, lower cost of operation, while still 

practicing efficient contamination control – however 

it’s difficult to obtain those by traditional experimen-

tation or by means of analytical methods. 

A CFD model can help understand this issue by 

developing an accurate model. CFD is a modeling 

technique to create virtual prototypes of real-life 

systems through the interaction of mathematical 

equations with underlying physics, which includes 

fluid flow, heat and mass transport.7,8,9 In the past, 

researchers applied CFD models in solving key  

issues for the design of cleanrooms. Noh et al.10 

predicted particle concentrations and airflow  

patterns with a goal to improve yield in LCD manu-

facturing. Thongsri et al.11,12 tried to understand the 

airflow and particle distribution around HDD machinery 

to obtain optimized airflow pattern. CFD modeling 

was also used to predict contamination in a hospital 

operating room with the goal to reduce contamina-

tion and to develop efficient ventilation systems. 

Naosungnoen et al.13 utilized CFD modeling to study 

airflow and contamination profiles in a manufacturing 

cleanroom. 

EXPERIMENTAL
—

Objectives

The objective of this study was to develop a numerical 

CFD model to estimate cleanroom concentrations 

for organic AMC and flow profiles from AMC filters 

suspended in an evenly spaced ceiling grid of FFU 

under varying conditions. 

The study simulates air flow patterns and the distribu-

tion and mixing of AMC in semiconductor cleanrooms 

with input parameters being initial AMC concentra-

tion, FFU coverage, make-up air percentage and the 

number of air recirculations. A 2 dimensional clean-

room model was developed with the goal to find 

average cleanroom AMC concentrations and flow 

profiles with varying AMC filter coverage on an 

existing FFU grid, with 0%, 25%, 50%, 75% and 100% 

of the installed FFUs being equipped with AMC filters. 

The model further predicts how AMC concentrations 

and flows are impacted when adding process tools  

to obstruct the flow path.

The study assumes a simple AMC filter for removal  

of a specific up-stream concentration. The model is 

generic and applies to any gas-phase contamination, 

but we chose toluene to represent the organic AMC 

class at a concentration of 10 parts per billion (ppb; 

10-9) The objective was to find out the average 

cleanroom concentrations and flow profiles using  

the following conditions:

1.	Vertical cleanroom sizing using a typical semicon-

ductor reference

2.	FFUs installed in the ceiling grid, sized and spaced 

out evenly

3.	Removal efficiency of the AMC filter is a constant 

90%

4.	Initial AMC concentration is 10 ppb

5.	AMC filter coverage, evenly spaced out between 

installed FFUs is 0%, 25%, 50%, 75% or 100% 

6.	Flow scenarios are one pass only and 2nd pass 

7.	Make-up (fresh outside) air addition of 15% on each 

pass, at 10 ppb AMC

8.	Addition of process tools, realistically sized to 

mimic industry standards
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Geometry and Computational Domain

The model was developed by the Ansys Fluent solver 

where the mass transfer and fluid flow were governed 

by Fickian diffusion and Navier Stokes equations. 

Multiple models were run for each FFU coverage 

scenario to predict the AMC concentrations and flow 

profiles in the cleanroom and around the process 

tools. The model was also employed to indicate AMC 

concentration levels and their reduction for different 

FFU coverage scenarios at 1st and 2nd pass. 

Figure 1. Ceiling grid pattern with 50% AMC filter usage and the five AMC coverage scenarios.

Semiconductor cleanroom ceiling grids typically  

use 1.2 x 1.2 m (4 x 4 foot) cells, every 4th of which  

is used for one FFU (Figure 1). All FFUs are used for 

particle filtration, but only a portion may be used for 

chemical filtration. The different sub-scenarios we 

modeled assume five coverage models: 0, 25, 50, 75 

and 100% of FFUs used for AMC filtration. Figure 1 

shows the top view of a cleanroom ceiling grid of 

which the shaded blocks are FFUs covered with AMC 

filters. 

Figure 2 shows the three configurations of process 

tools that are introduced to simulate realistic air flows.

Figure 2. Configurations of process tools with their locations varying 
relative to FFUs. 

FFU 1 FFU 2 FFU 3 FFU 4 FFU 5 FFU 6 FFU 7 FFU 8

FFU 1 FFU 2 FFU 3 FFU 4 FFU 5 FFU 6 FFU 7 FFU 8

FFU 1 FFU 2 FFU 3 FFU 4 FFU 5 FFU 6 FFU 7 FFU 8

FFU 1 FFU 2 FFU 3 FFU 4 FFU 5 FFU 6 FFU 7 FFU 8

FFU 1 FFU 2 FFU 3 FFU 4 FFU 5 FFU 6 FFU 7 FFU 8

0% coverage: no AMC filters

25% coverage: 2 AMC filters

50% coverage: 4 AMC filters

75% coverage: 6 AMC filters

100% coverage: 8 AMC filters

Scanner 1 Scanner 2Track 2Track 1 Tool

Scanner 1 Scanner 2Track 2Track 1 Tool

Scanner 1 Scanner 2Track 2Track 1 Tool

Configuration 1

Configuration 3

Configuration 2
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Table 1 lists cleanroom specifications, design of FFUs, 

and operating conditions. The model employed 

16000 ceiling grids, but the visual depictions in the 

figures to follow assume the repetition of the core 

installation of three tool sets, hence, were limited to  

the smallest necessary grid size, which then repeats 

in the model.

Table 1. Parameters for the Ceiling Grid Definition

Number of ceiling grids 16000

Each ceiling grids 1.2 x 1.2 m

AMC filter size 0.6 x 0.6 m (2x2 ft)

FFU size 1.2 x 1.2 m

Gap between FFUs 3.6 m

Cleanroom (CR) height 5.5 m / 18 ft 

Inlet velocity of AMC filter 1 ms-1

Inlet velocity of FFU 0.258 ms-1

Inlet AMC concentration 10 ppb

Model Assumptions

For our numerical model, the air flow is assumed as 

Newtonian and incompressible. For the cleanroom 

operation, we assumed the use of a single-layer 

chemical filter using activated carbon adsorbent for 

the removal of organic AMC. Real-world filters may 

employ other adsorbents to remove other contaminant 

types, in addition to activated carbon, or multiple 

layers of adsorbents. Each chemical filter was assumed 

to have an initial (and constant) removal efficiency of 

90%. The removal efficiency of an AMC filter is defined 

in Equation 1, with [upstream] and [downstream] 

being the AMC concentrations upstream and 

downstream of the AMC filter. 

Equation 1.

As a proxy for organic AMC, we used toluene, a 

common chemical standard used for semiconductor 

cleanroom analysis. Toluene concentration was set  

to 10 ppb upstream of the FFUs, a concentration that  

is realistic, but at the high-end of state-of-the-art  

SEMI cleanrooms, low for other industrial settings. 

To keep oxygen levels constant and minimize 

accumulation of carbon dioxide and other non- 

filtered contaminants, semiconductor cleanrooms 

operate by partially replacing the recirculated and 

filtered air with fresh (“make-up”) air from the outside 

of the facility, while some recirculated air is vented  

to the outside. This portion is typically in the 10-20% 

range and we assumed 15% make-up air and dis-

charge. We assumed again an average concentration 

of 10 ppb for that fresh outside make-up air, which,  

in the real world, is highly variable and can be many 

times that concentration, depending on local and 

regional contamination sources and wind direction.

Governing Transport Equations – Continuity 

The general continuity equation for dynamic flow 

includes gas compressibility and an adsorption sink is

Equation 2.

Where  = gas density (kg/m3).
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Governing Transport Equations – Momentum 

The airflow is assumed as Newtonian and the 

momentum equations (Navier Stokes equations) are:

Equation 3.

Where  = gas velocity (m/s), p = pressure (Pa),  = 

stress tensor,  are gravitational body force 

and external body force, which arise from interac-

tions with the dispersed phase.  also contains other 

model dependent source terms, such as porous 

media and user defined sources.

The stress tensor is given by: 

Equation 4.

Where  is the molecular viscosity,  is the unit tensor.

Species Mass Balance

In solving the conservation equation of chemical 

species, Ansys Fluent predicts a local mass fraction  

of each species through a convection-diffusion 

equation:

Equation 5.

Where  is the net rate of production of species   

by chemical reaction, and  is the rate of creation  

by addition from the dispersed phase.

Ansys Fluent uses Fick’s 1st law to model mass 

diffusion due to a concertation gradient, which  

can be written as:

Equation 6.

Where  is the mass diffusion coefficient for species 

, and  is the thermal diffusion coefficient  

(Soret effect).

Energy Balance

Figure 7 is the standard energy balance equation. 

Equation 7.

Where  is the effective conductivity,  is diffusion 

flux of species j. The first three terms represent the 

energy transfer due to conduction, species diffusion 

and viscous dissipation, respectively.  indicates the 

heat of chemical reaction and other volumetric heat 

sources.

Turbulence Model

Although Ansys Fluent offers a number of turbulence 

models, we selected the Shear Stress Transport (SST) 

 model based on the current flow condition and 

due to its robust and accurate formulation. The SST 

 model is similar to a standard  model but 

offers the following advantages:

•	 The SST model incorporates a damped cross- 

diffusion derivative term in the  equation

•	 Turbulent viscosity is modified to transport of  

the turbulent shear stress

Those refinements make the SST  model more 

accurate and reliable for a wide range of flows than 

the standard model. The transport equation of the 

SST  model is expressed as follows:

Equation 8.

and 

Equation 9.

Where  represents the production of turbulent 

kinetic energy,  represents the generation of .  

and  represent the effective diffusivity of k and .  

and  represent the dissipation of k and  due to 

turbulence.
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Modeling Approach

A 2D planar model of the cleanroom including the 

FFU setup (Figure 2) was developed in ANSYS Gambit 

and meshed thereafter using tetrahedral cells. The 

advantage of having a 2D model is that it offers a 

relatively simple model, substantially reducing 

computational time. However, it still offers results 

that compare well to a full 3D model. The mesh  

was refined accordingly, to achieve a good solution 

convergence, reduce discretization errors, with a  

goal to achieve high accuracy. 

The model then was exported to Ansys Fluent solver 

to obtain the cleanroom flow behavior and subsequent 

species transport. The computational cells of the 

domain are refined enough to obtain maximum 

convergence (as represented in Figure 2). 

In the second part, the models were extended to 

understand the air flow and contaminant concentra- 

tion behaviors in the cleanroom along with different 

metrology tools such as scanners and tracks. The 

model mesh elements were refined to obtain 

accurate convergence level.

The incoming air flow is fully turbulent and SST  

model was chosen to properly track the turbulence 

based on flow conditions. The flow path was gov-

erned by classical Navier Stokes equations (Equation 

3 and 4). The lateral diffusion of contaminants in  

the cleanroom was accurately estimated by Fickian 

diffusion in species transport model (Equations 5 and 6). 

The turbulence model was explained in equations 8 

and 9. 

As a foundation for the fluid dynamics model, we 

established the flow scenario where each FFU was 

assumed to provide 100% of a nominal flow across  

its 1.2 × 1.2 m dimensions, which translates to a linear 

velocity of 1 m s-1 through one AMC filter of 0.6 × 0.6 m 

size, sitting on top of an FFU. This flow then presumably 

travels straight down along laminar flow patterns 

through an open floor grid into the subfab.

RESULTS
—
We used the model for a simplified cleanroom 

environment and staged the capability into several 

cases. 

Velocity Profiles

Assuming minimal flow between FFUs and scaling the 

FFU flow to the entire floor dimensions, the mass 

weighted, average flows at different heights are given 

in Figure 3. The nature of the downstream velocity 

distribution from each FFU is uniform as expected. 

However, there are some lateral flow dispersions as 

flow travels from top to bottom, and the magnitude 

of the flow gradually reduces due to convection. 

Figure 3 indicates that the velocity is highest near the 

top of the cleanroom, and gradually decreases as the 

flow travels downward. The analysis is particularly 

useful because the modeling can predict the specific 

velocity at any specific height in the cleanroom.

Figure 3. Velocity profile of the cleanroom based on FFU contributions and an open floor grid. 

4 ft

6 ft

10 ft

14 ft
0.212 m/s (mass weighted avg.)

0.158 m/s (mass weighted avg.)0.158 m/s (mass weighted avg.)0 158 m/s (mass weighted avg )

0.167 m/s (mass weighted avg.)

0.212 m/s (mass weighted avg.)0 212 m/s (mass weighted avg )

0 167 / ( i ht d )

0.186 m/s (mass weighted avg.)

0.179 m/s (mass weighted avg.)
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Case 1: First Air Pass Filter Performance with Varying Ceiling Filter Coverage

For the first case of the model, we assumed a constant 

contamination level and a single pass of air through 

the FFUs and AMC filters. The AMC filters are assumed 

to have a constant 90% removal efficiency of the  

10 ppb contamination and without any make-up  

air being added, the resulting concentration profiles 

from laminar flow through an empty cleanroom are 

straight forward. 

Figure 4 shows the five scenarios predicting AMC 

concentrations with 0, 25, 50, 75, and 100% filter 

coverage. Concentration distribution follows the 

Fickian diffusion model and exhibits significant lateral 

mixing and dispersion, which was a function of flow 

velocity and concentration driving force. For the case 

with no AMC filters (Figure 4a), no contaminants are 

removed, the cleanroom domain is displayed in red, 

the entire domain was flooded with maximum 

contaminant concentration of 10 ppb. 

With 25% FFU coverage (Figure 4b), the filters capture 

90% of AMC contaminants at 25% of total FFUs. As a 

result, concentration profiles vary across the clean-

room, with air right underneath the FFUs being clean 

(blue), and large portions still being contaminated 

(red), air between FFUs gradually mixing (green and 

yellow). Scenarios with 50 and 75% coverage provide 

results between those two scenarios. 

With very low AMC filter coverage on existing FFUs, 

the original high contamination level was retained  

in much of the cleanroom. Only with 75% coverage, 

the cleanroom started to show effectively filtered air 

in about half of its space (Figure 4d). To achieve a 

contamination-free cleanroom, all FFUs need to be 

covered with AMC filters, to avoid contamination 

pockets (Figure 4e). 

Figure 4. Toluene concentration profiles in an empty, laminar flow cleanroom on first pass and without make-up air. Panels a, b, c, d, and e are 
scenarios with 0, 25, 50, 75, and 100% FFU coverage of AMC filters. The last panel provides the color scale for the graphs.

The overall, average cleanroom concentration was 

reduced from 10 ppb to 7.7 ppb near the cleanroom 

floor with 25% coverage 5.5 ppb with 50% coverage, 

3.2 ppb with 75% coverage and about 1 ppb with 

100% coverage near the cleanroom floor. 

10 ppb (mass weighted avg.)

FFU1 FFU2 FFU3 FFU5FFU4 FFU6 FFU7 FFU8

FFU1 FFU2 FFU3 FFU5FFU4 FFU6 FFU7 FFU8

FFU1 FFU2 FFU3 FFU5FFU4 FFU6 FFU7 FFU8

FFU1 FFU2 FFU3 FFU5FFU4 FFU6 FFU7 FFU8

FFU1 FFU2 FFU3 FFU5FFU4 FFU6 FFU7 FFU8

1 ppb (mass weighted avg.)3.2 ppb (mass weighted avg.)

5.5 ppb (mass weighted avg.)7.7 ppb (mass weighted avg.)

AMC1 AMC2 AMC3 AMC4

AMC8AMC7

AMC1 AMC2

AMC3 AMC4AMC1 AMC2 AMC5 AMC6 AMC3 AMC4AMC1 AMC2 AMC5 AMC6
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Case 2: Steady-State Filter Performance with Added Make-up Air

For case 2, we introduced 15% make-up air that is 

contaminated with 10 ppb of AMC and assumed a 

steady-state recirculating air going through the filters 

on multiple passes (Figure 5). Despite the added 

make-up air, which continuously introduced 15% 

contaminated air into the stream, the air between 

actively AMC filtered FFUs was now less contaminated 

compared to the prior case, because of the continu-

ous recirculation. 

By introducing recirculation of air, the entire clean-

room gets at least somewhat cleaned up, no part of 

the cleanroom showed the original 10 ppb concen-

tration anywhere and with 75% FFU coverage, AMC  

is being removed by at least 50%. 

Figure 5. Resulting cleanroom concentrations with recirculation and 15% make-up air being added. Panels a (25% coverage), b (50% coverage),  
c (75% coverage), and d (100% coverage). The last panel is the color scale.

Table 2 tabulates the average AMC concentrations  

for the cleanroom and AMC filters operating at 90% 

removal efficiency. The model predicts that there  

are 23%, 45%, 68%, and 90% improvements in 

contaminant reductions for 25, 50, 75, and 100% FFU 

coverage, respectively, for the 1st pass. The results 

also clearly demonstrate that a 2nd pass significantly 

improves the indoor air quality. 

Table 2. Average Cleanroom Concentrations for 1st and 2nd Pass of Air Through the AMC Filter

1st PASS 2nd PASS

FFU Coverage Upstream AMC CR Concentration Improvement Upstream AMC CR Concentration Improvement

% ppb ppb % ppb ppb %

0 10 10 0 10 10 0

25 10 7.7 23 8.0 6.2 38

50 10 5.5 45 6.1 3.4 67

75 10 3.2 68 4.2 1.4 86

100 10 1.0 90 2.3 0.2 99

25% Coverage: 2 AMC filter

0.1 ppb (mass weighted avg.)1.4 ppb (mass weighted avg.)

3.4 ppb (mass weighted avg.)6.2 ppb (mass weighted avg.)

100% Coverage: 2 AMC filter75% Coverage: 2 AMC filter

50% Coverage: 2 AMC filter
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Case 3: First Pass Filter Performance with Added Process Tools

The next step in simulating cleanroom concentration 

profiles was to introduce some process tools. For a 

simplified approach, we assumed two lithography bay 

clusters of a scanner and a clean track, plus one 

stand-alone process tool. We assumed realistic sizing 

for these tools and then varied their locations relative 

to the FFUs. Three different tool setup configurations 

were shown in Figure 2.

Flow Profiles

Figure 6 shows the resulting flow profiles and the 

associated non-uniformity. Laminar flows get 

substantially deflected by the added tools. The black 

lines in each panel are the cleanroom-internal flow 

swirls between laminar FFU outputs. Whereas those 

happened without any tools, they get more confined 

in the flows deflected by tools. 

Further, velocity profiles at various cleanroom heights 

were significantly different for the three configura-

tions (Figure 7). The velocity at different heights 

behaved in opposite ways if compared to obstructed 

and unobstructed flow. With the presence of tools, 

the velocities were nearly constant but higher up to  

2 m above the cleanroom floor. That was due to the 

fact that covering up parts of the floor restricts air 

flow, which then results in higher exit velocities of 

about 0.25 m s-1, compared to the 0.18 m s-1 for the 

unobstructed flow. That could be beneficial for 

flushing out spaces between tools, but we will show 

that these combined flow paths will have negative 

consequences on AMC concentrations. 

Figure 7. Velocity at different cleanroom heights with four different 
configurations of metrology tools.

Concentration Profiles

Figure 8 compiles a comparative analysis of AMC 

concentration profiles in the modeled cleanroom  

for unobstructed flow versus obstructed flow. As 

expected, the model contours for the configurations 

with cleanroom tools are very different from those 

without tools. 

For configurations with tools, the ceiling FFU cover-

age no longer determines the contamination level at 

the floor underneath any one FFU. The existence and 

spatial distribution of the tools creates floor spaces 

that are heavily contaminated, despite the over-head 

filtration. All three tool scenarios create such con-

taminated spaces between the litho clusters and the 

single tool, as well as areas, where the clean air from 

the filtered FFUs is confined above the tools, but 

never reaches the floor. 

310 42
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)
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0.23

0.21
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0.17

0.15

Height from floor (m)

No tools Tool setup 3Tool setup 2Tool setup 1

Figure 6. Flow profiles in the modeled cleanroom with different configurations of metrology tools.

Cleanroom without scanner and metrology tool

Cleanroom with scanner and metrology tool – Configuration 3Cleanroom with scanner and metrology tool – Configuration 2

Cleanroom with scanner and metrology tool – Configuration 1

Scanner 1

Scanner 2

Track 1 Track 2Tool

Scanner 1

Scanner 2

Track 1 Track 2Tool Scanner 2Scanner 1 Track 1 Track 2Tool
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Figure 8. AMC concentrations as a function of FFU coverage around process tools.

Figure 9 is an analysis of concentration profiles of the 

four tool configurations at different cleanroom 

heights. The configuration of the tools along the floor 

significantly determines the uniformity of the con-

centration profiles above the floor. 

Both scenarios for 25% and 75% FFU coverage show 

substantial (~5%) variability in AMC concentrations 

compared to the empty cleanroom, whereas the 

scenario for 50% coverage showed virtually no 

variability. The exact tool setup along with floor vent 

coverage in the cleanroom will determine that 

variability.

Taking these mass weighted average concentration 

and velocity profiles at different cleanroom heights 

into consideration could be very useful for cleanroom 

layout designs. For instance, configuration 2 was the 

most suitable design from the aspect of lower 

contaminant concentration variance at any height. 

This model could help with cleanroom layout to 

optimize contamination control.

Cleanroom without scanner and metrology tool

Cleanroom with scanner and metrology tool – Configuration 1

Scanner 2Scanner 1 Track 1 Track 2Tool Scanner 2Scanner 1 Track 1 Track 2Tool

Cleanroom with scanner and metrology tool – Configuration 2

Scanner 2Scanner 1 Track 1 Track 2Tool Scanner 2Scanner 1 Track 1 Track 2Tool

Cleanroom with scanner and metrology tool – Configuration 3

Scanner 2Scanner 1 Track 1 Track 2Tool Scanner 2Scanner 1 Track 1 Track 2Tool

25% FFU Coverage 50% FFU Coverage

Cleanroom without scanner and metrology tool

Cleanroom with scanner and metrology tool – Configuration 1

Scanner 2Scanner 1 Track 1 Track 2Tool Scanner 2Scanner 1 Track 1 Track 2Tool

Cleanroom with scanner and metrology tool – Configuration 2

Scanner 2Scanner 1 Track 1 Track 2Tool Scanner 2Scanner 1 Track 1 Track 2Tool

Cleanroom with scanner and metrology tool – Configuration 3

Scanner 2Scanner 1 Track 1 Track 2Tool Scanner 2Scanner 1 Track 1 Track 2Tool

75% FFU Coverage 100% FFU Coverage
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Figure 9. Concentration profiles for the cleanroom with metrology tools 
for 25% FFU coverage (top), 50% (center), and 75% (bottom).

Model Limitations

The numerical model employed here was purposely 

limited to a 2-dimensional space, a cross-section of  

a fictional cleanroom to minimize the computational 

effort. However, we believe that the results of this 2D 

model accurately reflect a 3-dimensional cleanroom, 

because FFU patterns are evenly propagated in the 

third dimension, so are tool setups in many cleanrooms. 

Cleanroom dimensions as well as tool dimensions 

were approximated from real-world objects, but  

are only representative. The flow was assumed to  

be incompressible and in an isothermal state.

Chemical filter removal efficiency was assumed to be 

constant, but, in reality, diminishes over time, along a 

non-linear curve. AMC filters are typically considered 

exhausted for practical purposes when they arrive at 

80 to 30% removal efficiency, depending on applica-

tion (50% being common for cleanroom filtration). 

The chemical and physical adsorption of contami-

nants were considered out of the scope of the study. 

Both could be added for a more advanced version.

AMC concentration was set to a fixed 10 parts per 

billion for simplicity of a decimal base result. That 

concentration is representative of what we find in 

modern semiconductor fabs, but actual concentra-

tions vary daily and perhaps hourly and only average 

at a value close to our assumption. 

We assumed an open floor grid for the entire clean-

room, which assists in venting the flow patterns from 

the FFUs. In reality, there is a limited number of open 

spaces in the floor, parts of the floor may be obstructed 

by tubes and installations underneath the grid, and 

some cleanrooms only have limited openings every 

few meters apart, rather than a truly open floor grid. 

This was not considered and would make flow distribu-

tion less uniform, resulting in more contamination at 

the floor level in certain spaces. 

Finally, the color scale shown does not allow to 

visualize small differences in concentration, such  

as those expected between FFUs at the ceiling, a 

space that is not readily flushed out quickly or ever. 

Those differences exist and can be calculated, but  

do not show in the figures provided here. 
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CONCLUSIONS
—
Our numerical model analysis explores the improve-

ment of air quality in a simulated semiconductor 

cleanroom with and without process tools for 

different FFU coverages with AMC filters. It also 

analyzes the air flow and contaminant concentrations 

profiles at different heights of the cleanroom. The 

model further explored how flow and concentrations 

were affected by various configurations of process 

tools. The model is a valuable tool for the optimiza-

tion of contamination control.

For clarity and simplicity, we limited the model to a 

2-dimensional cross-section of a fictional cleanroom. 

However, the model capability could easily be 

expanded to three dimensions, along with actual 

cleanroom dimensions, ceiling fan configurations  

and tool sizes / placement to digitally duplicate a 

real-world industrial setting that can be used for 

contamination control, cost optimization as well  

as energy modeling. Such a model should also be 

fine-tuned by considering the actual floor exhaust 

design to achieve most realistic flow paths and 

impact areas. 

Further refinement could add contamination sources 

other than ceiling entrainment such as tool exhaust 

and human presence, and be cross-checked with 

measured variability of AMC concentrations, perhaps 

assisted by machine learning. The model could then 

become a digital twin for that environment. With 

such a digital twin, any change in flow patterns or 

contamination could then be predicted for every 

change in cleanroom layout or the addition or 

removal of process tools. 

Given the highly variable nature of ambient air 

pollution, as well as differences in cleanroom 

sections, the model can be further optimized by 

monitoring AMC concentrations, as well as AMC  

filter performance, to yield an optimized cost of 

ownership and maximized cleanroom protection.14

This technical paper was presented by Amlan 

Chakraborty and Jürgen M Lobert at FILTECH 2023  

in Cologne, Germany, February 14-16, 2023.
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