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ABSTRACT 

Today is the data age; tremendous amount of data is generated, stored, transferred, 

and computed every second. As the consequence of the rapidly growing data age, the 

semiconductor industry continues advancing, marching at the pace of Moore’s law. The 

number of transistors doubling every two years on a chip indicates the unique feature of 

semiconductor industry. It makes great challenges for the semiconductor devices and the 

associated production processes as the scaling-down continues. In order to meet the 

stringent processes requirements, the demands for UHP (ultra-high-purity) gases also 

increase. 

Ultra-high-purity (UHP) gases are widely used in semiconductor industry. They are 

also known as electronic specialty gases (ESGs) or electronic bulk gases when used in the 

processing of electronic materials. The ultra-high-purity is often defined in terms of 

impurity level or concentration less than 100 ppb for any volatile molecules, like moisture, 

which is almost the most common impurity and particulate concentration of size lager than 

0.3 micrometer at less than 1 part per liter of gas under normal conditions. 

Most semiconductor processes are very sensitive to impurities in UHP bulk and 

processes gases, and a stable and well-controlled purity level is usually required at the POU 

(point of use) tools. Moisture, which is selected as the key impurity compound in our 

research, is one of the most common and difficult-to-handle impurities, due to its strong 

adsorption on various kinds of surfaces. It is very difficult to control moisture level 

variations at the POU because of two major factors:  
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1) Drift due to moisture preferential accumulation in the liquid phase in the source 

tank; 

2) Changes due to adsorption / desorption on pipes and flow control devices, as 

well as variations in flow rate and pipes surrounding temperature. 

To resolve these two major issues, mathematical process models for cryogenic 

tanks and gas delivery pipes were developed. Thermodynamic behaviors for vapor and 

liquid phase impurity in the tank were studied in the tank model to predict the concentration 

of impurity coming out of the cryogenic tank. Traditional dispersion model was applied to 

simulate the impurity behaviors in the gas delivery pipes, and to predict the impurity 

concentration at the pipe outlet (or the POU). Tank-in-series model was introduced to 

represent the pipe and to mitigate impurity level variations at the POU. Two-tank system 

was used in the point of source instead of conventional single tank system, of which one 

was the fully new tank, the other was the partially used tank. By changing the mixing 

function, which is defined as the ratio of flow rate from the partially used tank to the overall 

flow rate coming from the two tanks, the mixed concentration as well as the concentration 

at the POU can be stabilized and well-controlled. Besides, two-tanks system brings in a lot 

of savings in liquid content in the cryogenic tanks.  

An associate control system was also designed. This system consists of two 

cryogenic tanks, two mass flow controllers (MFC), a gas delivery system, a real-time 

sensor for on-line measurement of impurities, and the auxiliary electronics for running the 

process simulator, data acquisition, and MFCs programing and control. The flow streams 
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from the two tanks are controlled by two MFCs, then mixed and transported to the POU 

through a transport pipeline. The impurity level at the POU is monitored by an online 

sensor. The process simulator provides input to the MFC controller unit that adjusts the 

flow out of each MFC. Overall, the set-up provides a dynamic flow-mixing scheme run by 

the output from the process simulator. The system properties, operating conditions and 

purity requirements are all inputs to the process simulator. By controlling the mixing 

function, the concentration at the POU can be well controlled. 

In this dissertation, Chapter 1 is the introduction to the UHP gases and the 

semiconductor development trends. The experimental instruments as well as the 

technology used in the project are also included. Their operation principles are described 

in detail in Chapter 2. Chapter 3 analyzes the impurity drift and variations in UHP gas 

delivery systems. Chapter 4 provides the solution to the impurity level variations issue at 

the POU. Chapter 5 is the recommendations and future work. 
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CHAPTER 1 

RESEARCH BACKGROUND AND INTRODUCTION 

1.1 APPLICATIONS OF UHP GASES IN INDUSTRY 

1.1.1 Technology Development Trend in Semiconductor Industry 

The semiconductor industry is a dynamic, innovative, and fast-paced industry 

worldwide. Following Gordon Moore’s law, the number of transistors on a chip has been 

doubling every 18 months while the production cost is halved. The increasing number of 

transistors means the gate length is becoming small, as shown in Figure 1.1 [1]. ITRS 

(international technology roadmap for semiconductors) set the targets for MOSFET gate 

length after the year 2010, for which the gate length around year 2020 is predicted to be 

7.4 nm. As of this year (2019), the MOSFET gate length is around 7 nm.  

Such system scaling is facing increasing technical challenges today due to the 

emergence of cloud based data interactions and communication, as shown in Figure 1.2 [2]. 

From device aspect, the technology development brings targets for logic devices and 

memories in PPAC (performance, power, area, cost) values: better performance, less power 

consumption, less chip area footprint, and less die cost. 
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Figure 1.1: Trends in Transistors and MOSFET gate length [1] (The red circles mean 

the international technology roadmap for semiconductors targets for gate length.) 
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Figure 1.2: Cloud, big data, and instant data [2] 

 

1.1.2 Applications of UHP Gases in Semiconductor Processing 

Together with the high demand for technology development, the demand for ultra-

high-purity gases and chemicals also increases. 

Ultra-high-purity (UHP) gases are widely used in electronic industry, such as 

semiconductor manufacturing, solar, display, and LED. Such ultra-high-purity gases are 

also known as electronic specialty gases (ESGs) or electronic bulk gases when they are 

used in the processing of electronic materials. The ultra-high-purity is often defined in 

terms of impurity level or concentration less than 100 ppb for any volatile molecules, like 

moisture, which is almost the most common impurity; particulate concentration of size 
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lager than 0.3 micrometer at less than 1 part per liter of gas under normal conditions; and 

metallic impurities at less than 1 ppb per element [3]. 

A wide range of UHP gases are used in the semiconductor manufacturing, and they 

can be used as bulk gases and specialty gases. Bulk gases are used as purge gases and bulk 

gases; while specialty gases are used in chemical reactions like deposition and etching. 

Some of the most common specialty gases are nitrogen trifluoride (NF3), tungsten 

hexafluoride (WF6), ammonia (NH3), disilane (Si2H6), and nitrogen, helium, and argon are 

some widely used bulk gases. The applications of these UHP gases in specific processing 

are shown in Table 1.1.  

 

Table 1.1: Applications of UHP gases in semiconductor processing [4] 

Nitrogen trifluoride (NF3) Process chamber cleaning and etching 

Tungsten hexafluoride 

(WF6) 

LPCVD or PECVD of tungsten, tungsten silicides, and 

tungsten nitricides 

Ammonia (NH3) CVD of nitrogen source 

Disilane (Si2H6) Low-temperature silicon deposition for ultra-thin epitaxial 

films 

Nitrogen (N2) Purging gas and process gas 

Argon (Ar) For plasma deposition and etching 

Helium (He) For cooling, plasma processing, and leak detection 
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1.1.2.1 Deposition of Silicon Nitride 

Taking the deposition of silicon nitride (Si3N4) as an example, silicon nitride is 

commonly used as the passivation insulating layer, interlayer dielectric, capacitor dielectric, 

etc. in manufacturing integrated circuits and in semiconductor industry, besides, it has been 

regarded as antireflection coatings in silicon solar cells. Typically, silane and chlorosilanes 

are used as silicon source for silicon nitride deposition, while ammonia is used as the source 

for nitrogen. The following two reactions show the deposition process from gas phase: 

3 SiH4 + 4 NH3 → Si3N4 + 12 H2 

3 SiCl2H2 + 4 NH3 → Si3N4 + 6 HCl + 6 H2 

Silicon nitride films are usually prepared by thermal CVD at around 800 C or 

PECVD (plasma-enhanced chemical vapor deposition) below 400 C [5]. Some organic 

precursors for silicon source have also been developed for safety and green-chemistry 

considerations, for instance, tris(dimethylamino)silane, tris(diethylamino)chlorosilane 

(TDEACS), etc. High-purity ammonia is required in the fabrication process, as reported by 

K. Jhansirani et al [6], they used hexamethyldisloxane (HMDSO) for silicon source, and 

ammonia with 99.999% purity level for nitrogen source. They obtained thicker deposition 

film at higher temperature [6]. 

1.1.2.2 Examples of Nitrogen Applications in Purge and Bevel Etch 

Another example of UHP gases applications is the use of nitrogen (N2). Nitrogen 

is the most used gas in semiconductor fabrication; it can be used for purging process 

chambers, in abatement systems, and as a process gas. The nitrogen consumption can reach 
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50,000 cubic meters per hour in some large, advanced semiconductor fabs [4]. There are 

usually huge liquid nitrogen tanks located outside of the fabs. 

One of the examples of nitrogen application as the purging gas is in the high-purity 

gas delivery systems. When high-purity gases are delivered through the gas-delivery 

systems to the fab, there will be impurities accumulation in the different components of 

gas-delivery systems, like valves, mass flow controllers, regulators, delivery pipes. If not 

carefully dealt with, such impurities will cause production failure, bringing millions of 

dollars financial loss. One of the most common solutions to such impurities contamination 

is purging ultra-high-purity (below 1 ppb) nitrogen gas through the gas-delivery systems, 

after some running periods. This technique applies concentration gradient principle to 

remove the impurities molecules and therefore to clean the surface.  

A lot of research work has been done on this purging technique to reduce the ultra-

high-purity nitrogen usage and for better surface cleaning performance. For example, the 

previous work done by Junpin, et al [7], used PCP (pressure cyclic purge) instead of 

conventional steady state purge, which reduced the UHP nitrogen usage tremendously, and 

removed impurities (like moisture) effectively. Another method would be thermal baking, 

because it can induce the desorption of adsorbed molecules on the surface; such thermal 

baking can shorten the purge time so that the UHP nitrogen level at the outlet of delivery 

systems can reach the baseline faster. But thermal baking may be not practical in many real 

cases, in consideration of material stability, safety, and regulation. 
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Nitrogen can also be used as the inert gas in semiconductor processing, like bevel 

etch. Around 2 mm of wafer edge region is not used in the chip manufacturing [8]. During 

chemical or physical vapor deposition, thin films or other particles can be deposited on the 

edge, bevel, and back-side of a wafer [9]. Figure 1.3 shows an example of Cu deposition 

with PVD as well as the Cu contamination at the wafer edge [9]. Even with shield ring to 

prevent Cu films deposition at the wafer edge, there are still Cu particles deposited on the 

edge, bevel, and back-side of the wafer. 

 

 

Figure 1.3: Cu deposition and contamination at the wafer edge [9] 
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Deposition on such areas can cause contamination problems. It will contaminate 

the handling arms and chuck surfaces in the process equipment, causing cross-

contamination in other processes or wafers containing new materials. It will also bring 

contaminations like re-deposition in the later processes. As a result, it is very important to 

remove these films and particles in the edge, bevel, and back-side of wafer to avoid 

contamination problems, to enhance the product yields and chip manufacturing quality [8].  

Bevel etch can be done with wet etch method with photoresist coated on the front-

side of the wafer; the photoresist is removed after the etching. Alternatively, it can be done 

with RIE (reactive ion etching), in which case, no photoresist is needed. Compared with 

wet etch method, this dry etch has several advantages: it doesn’t need to handle the 

potential chemical hazards, the etch is directional and is able to etch small features, and it 

can prevent contamination. However, dry etch is typically expensive due to the 

complicated equipment design and plasma sources; it has poor selectivity and low etch rate. 

Figure 1.4 shows the schematic of the experimental set-up for the wafer edge 

cleaning system of Sosul Inc.’s CES-2020TM developed by Sosul Inc [8].  
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Figure 1.4: The schematic of the experimental set-up for the wafer edge cleaning 

system of Sosul Inc.’s CES-2020TM [8] 

 

Plasma was only generated in the 2 mm edge of the front-side and 4 mm edge of 

back-side of the wafer. Ar (Argon) used for plasma generation and CF4 used as the etchant 

gas flowed through Gas Flow 2, while N2 flowed with Gas Flow 1. Such ultra-high-purity 

N2 was used for two purposes: 

1) it protects the inner region of the wafer since it can block the flow of Ar, CF4, 

and other radicals from plasma region;  
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2) it blocks the flow of etching by-product and particles in the wafer edge region. 

In this way, the inner region of the wafer was not etched and was protected [8]. 

 

1.2 DESCRIPTION OF RESEARCH PROBLEMS  

As discussed in the previous section, UHP gases are widely used in semiconductor 

fabs, as process gases used in chemical vapor deposition and etching, and as inert gas for 

purging gas delivery systems and process chambers. The UHP gases are typically stored in 

the gas storage facilities outside the fab and transported through the gas delivery pipes to 

the point of use (POU) tools inside the fab.  

UHP gases, such as nitrogen, which is selected as the main compound of the project 

since the most of its properties have been studied before, are usually stored in the cryogenic 

tanks where gas is produced by controlled vaporization of the stored liquid and transported 

through delivery pipes to the fab. Most semiconductor processes are very sensitive to 

impurities and require a well-controlled quality [10, 11]. Failure to maintain a stable purity 

level at the POU can lower the performance of process tools and even slow or shut down 

the processing line [7].  

Moisture, selected as the model impurity species in this study, is one of the most 

common impurities. While affecting many fabrication processes even at the parts per 

billion (ppb) levels, it is also one of the most challenging impurities to remove and control 

due to its strong adsorption on the surfaces of transport line, components, and reactors [11-
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13]. Additionally, when gases are supplied from cryogenic sources, there is usually some 

drift and variation in the moisture level at the POU due to two major factors [14]:  

1) Source drift: This is caused by the build-up of moisture in the cryogenic tanks 

due to the selective retention of moisture in the liquid phase during vaporization. As 

impurity level goes up with time and gas usage, and the gas purity can no longer satisfy the 

process requirements (usually after 70% ~ 80% of a tank is used), the remaining content is 

rejected and wasted, causing financial and environmental losses. Figure 1.5 shows moisture 

concentration profile in gas and liquid ammonia as a function of liquid ammonia content 

remaining in the tank. Moisture concentration goes up with the usage of liquid ammonia in 

the tank, no matter ammonia is in vapor phase or in liquid phase. 
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Figure 1.5: Moisture concentration profile in gas and liquid ammonia as a function 

of liquid ammonia content remaining in the tank [15] 

 

2) Temperature-induced variations: This is caused by adsorption (capture) and 

desorption (release) of moisture on the surfaces of delivery pipes and flow-control devices. 

The delivery pipes in most fabs are long and therefore a major sink for moisture adsorption. 

Although all the flow control devices and the pipeline are clean enough before the gases 

are flowing through, there will still have impurities level variations during the delivery and 

operation processes. Moreover, these pipes, running from the storage area to the POU are 

usually in the open environment. Therefore, ambient temperature variations would have a 
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large effect on the moisture adsorption and desorption, leading to drifts and spikes in 

impurity at the POU. 

In recent years, some modifications have been introduced in cryogenic tank design 

to reduce the effect of source drift [15]. These changes increase the cost and the 

complications of supply tanks significantly. However, there has been no systematic study 

of disturbances causes by pipelines or developments of techniques to mitigate them. 

Purifiers can be used to remove moisture at the POU; however, they are expensive and 

often unreliable under transient flow conditions, for instance, when the flow goes from 

Laminar region to turbulent region, the purifiers will lose their efficiency [16]. 

This dissertation will cover the research work together with the two published 

papers, to discuss the problems comprehensively.  
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CHAPTER 2 

TOOLS AND TECHNIQUES 

Various tools are used in this research project, this chapter discusses the 

experimental set-up, which is designed for finding Henry’s law constant, one of the key 

parameters in the research, as well as the key components in the set-up. The principles and 

guidance for operations are included in this chapter. 

 

2.1 EXPERIMENTAL SET-UP AND PARTS 

 

 

Figure 2.1: Experimental Set-up for Measuring Henry’s Law Constant 
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The experimental set-up for the study of drift and fluctuations in impurity 

concentration in gases supplied from cryogenic gas sources is shown in Figure 2.1. In the 

particular arrangement for this study, nitrogen was used as the main supply gas and 

moisture as the representative impurity. The system consisted of three sections: one section 

had the liquid nitrogen source (a cryogenic dewar), the pressure and the flow control 

components, and the gas dilution devices. The second section consisted of three analyzers 

for measuring moisture level at three difference ranges. The analyzers were an 

Atmospheric Pressure Ionization Mass Spectrometer (APIMS) unit for low and sub ppb 

moisture range, and two analyzers using Cavity Ring-down Spectroscopy (CRDS) for 

measuring higher concentrations. The third section, for dilution and calibration, consisted 

of the purified nitrogen supply, a controlled source of moisture by a membrane permeation 

device, and various flow control components. The amount of nitrogen in the dewar was 

measured by a scale. The concentration of moisture in the gas supplied by the cryogenic 

tank as well as the amount of nitrogen left in the tank were monitored with time under 

controlled flow rate and temperature conditions. This information was used in conjunction 

with the formulation, described in the modeling section, to determine the equilibrium 

constant, which is a key input parameter in the comprehensive model. 

The parts in the experimental set-up will be discussed in detail in the following 

sections. These parts include pressure and flow control devices like valve, mass flow 

control controller and flow restrictor, analyzers like CRDS (cavity ring-down spectroscopy) 



30 

 

 

 

 

 

and APIMS (atmospheric pressure ionization mass spectroscopy), and dilution and 

calibration devices like gas purifier. 

2.1.1 Valve 

Valve is a device that controls the pressure and flow of a fluid. There are many 

kinds of valves: gate valve, ball valve, globe valve, check valve, plug valve, butterfly valve, 

needle valve… In the experimental set-up shown in Figure 2.1, ball valves are used.  

Ball valve is a form of quarter-turn valve that uses a ball-shaped disk to regulate 

the flow. The schematic of the ball valve is shown in Figure 2.2. The flow starts when the 

handle is in the direction with the flow, and at this time, the hole of the ball is in line with 

the flow; When the handle is perpendicular to the flow line, the valve is closed and the 

ball’s hole is pivoted 90-degrees. Ball valve is widely used due to its rapid opening, 

handling various fluids, low pressure drop and leakage… However, ball valve also has 

some disadvantages, for instance, fluids like water will remain in the ball cavity when the 

valve is closed, the water may freeze at low temperature causing the part crack.  
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Figure 2.2: Schematic of ball valve components (1. Body; 2. Seat; 3. Floating ball; 4. 

Handle; 5. Stem.) [17] 
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Figure 2.3: Four-way valve [18] 

 

The four-way valve used in the experiment set-up is a flow control device which 

has four ports equally spaced in the valve chamber as illustrated in Figure 2.3. It has two 

“L-shaped” flow positions, and a central position where all ports are closed. In each flow 

position, only one position is connected to the main stream while the other position is 

isolated. 
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2.1.2 Mass Flow Controller 

Mass flow controller (MFC) is a flow control device that controls amount of gases 

or liquids. It has an inlet port and an outlet port, and can control the flow rate by changing 

the given setpoint. 

The schematic of a mass flow controller made by HORIBA is shown in Figure 2.4. 

The inlet gas is divided into two flows: one goes through the bypass and the other flows 

through the flow rate sensor. The actual flow rate measured by the senor is compared with 

the setting flow rate, and the difference is lowered and eliminated by the flow rate control 

valve so that the actual flow rate reaches the set point and maintains the set point stably.  

 

 

Figure 2.4: Schematic of internal structure of a mass flow controller made by 

HORIBA [19] 
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The operating principles are described as follow [19]: 

a) The inlet gas splits into two flows: through bypass and through flow rate sensor; 

b) The actual flow rate is detected by the sensor and its value is converted into 

electrical signal; 

c) The electrical signal passes through the amplification and correction circuit and 

is output to a voltage. The voltage information is sent to comparison control circuit; 

d) The comparison control circuit compares the actual flow rate with the setting 

flow rate, and it gives signal to the valve driver circuit; 

e) The valve driver circuit controls the flow rate with valve until the difference 

approaches zero, and therefore the gas flow is always at the setting flow rate. 

The setting flow rate in a mass flow controller usually has the unit of sccm (standard 

cubic centimeter). The operating values vary based on different kinds of MFCs. 

2.1.3 Flow Restrictor 

Flow restrictor or flow limiter is a flow control device used to measure flow rate or 

control pressure, which uses single stage or multistage orifice plates to restrict the flow. 

An orifice plate is typically used in a pipe, and it is a thin plate with a hole in it, as shown 

in Figure 2.5. The flow rate can be calculated by measuring the pressure difference between 

the inlet and outlet flow based on Bernoulli’s equation: 
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 𝑃 +
1

2
𝜌𝑢2 + 𝜌𝑔ℎ = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, (2.1) 

where 𝑃 is the pressure of the flow, 𝜌 is the density, ℎ is the elevation, 𝑔 is the 

gravitational acceleration. From Bernoulli’s equation, when the velocity of the upstream 

and the pressure difference between upstream and downstream are known, the velocity of 

the downstream can be calculated. 

 

 

Figure 2.5: Schematic of a flow restrictor with one orifice plate inside [20] 

 

2.1.4 Gas Purifier and Filter 

Gas purifier and filter are both designed to remove particulates and chemical 

components from the gas system, which are shown in Figure 2.6. However, the mechanism 

is different: gas purifiers include in-line and cartridge types, they can remove chemical 
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components like moisture, oil, oxygen by catalytic reactions or adsorption; while in-line 

gas filters include all-welded depth filters, high pressure filters, and high purity membrane 

filters, which can remove particulate matters by limiting the size of the particles travelling 

through them. The performance rating of the gas filter is evaluated by the smallest diameter 

of the particles removed [21]. 

 

 

Figure 2.6: Pictures of gas filters (left) and gas purifier (right) [21] 

 

Some gas purifiers need to be replaced after they are saturated due to the nature of 

adsorption, while some can be regenerated. Figure 2.7 shows the multistage in-line gas 

purifiers. For gas filters, they are typically placed just before the point-of-use tools. 
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Figure 2.7: In-line gas purifiers [21] 

 

2.1.5 APIMS (Atmospheric Pressure Ionization Mass Spectroscopy) 

APIMS uses atmospheric pressure ionization (API) source in the mass spectrometry. 

The schematic of API source is shown in Figure 2.8. Samples of trace amounts of volatiles 

in a carrier stream flows through a high-performance liquid chromatography (HPLC) to an 

ionization source [22]. This ionization source is at atmospheric pressure. The API source is 

then delivered to the mass analyzer, and high vacuum must be maintained in the mass 
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analyzer and detector region. Turbomolecular pump is typically used for such high vacuum. 

A series of skimmers and flow restrictors are usually placed between the API source and 

the mass spectrometry [23]. The APIMS is very sensitive as it can detect the moisture level 

in a range of low ppt (parts per trillion) to low ppb (parts per billion).  

 

 

Figure 2.8: Schematic of API source [23] 
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2.1.6 CRDS (Cavity Ring-Down Spectroscopy) 

2.1.6.1 Schematic and Operating Principles of CRDS 

Cavity ring-down spectroscopy is a kind of optical spectroscopy which was first 

developed in the 1980s, and it became widely used to measure contaminant gases with a 

very high sensitivity of ppb or even ppt level. Continuous wave (CW) lasers or pulsed 

lasers are used as the laser sources. Mirrors of high reflectivity are used in the cavity, by 

detecting the time light decays (or ring-down), it gives accurate molecular number in 

milliseconds. CRDS can measure moisture level in various process or inert gases in 

semiconductor area, such as N2, HCl, and arsine. In our research, CRDS by Tiger Optics 

LLC was used to detect moisture concentration. 

 

 

Figure 2.9: Schematic of CRDS [24] 
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The schematic of CRDS is shown in Figure 2.9. The light energy is emitted from 

the diode laser and is reflected with a mirror into the cavity ring-down absorption cell. The 

light reflects between two high-reflectivity mirrors in the absorption cell. The decayed light 

energy is monitored by a photodiode. The trigger works with the photodiode and sends the 

signal to acousto-optical modulator to activate the ring-down cycle. 

 

 

Figure 2.10: CRDS operating principles [25] 

 

Figure 2.10 shows the CRDS operating principles. The principles are shown as 

follow: 

1) The laser light source emits a light energy into the cavity, which contains two 

high reflective mirrors;  

2) The light reflects back and forth between the two mirrors with a total path length 

exceeding 40 kilometers. The light energy decays exponentially in the cavity; 
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3) A tiny amount of light leaks out through the second mirror and is sensed by the 

detector in each reflection path; 

4) Once the ring-down light energy is detected, the light source is turned off and 

the ring-down time is recorded.  

Additionally, when the sample flows into the cavity, it absorbs light, leading to 

larger ring-down time. The sample concentration can be calculated using Equation (2.2): 

 1

𝜏(𝑣)
−

1

𝜏0
= 𝑐𝑠(𝑣)𝑁, (2.2) 

where  𝜏(𝑣) is the ring-down time under sample absorption at frequency 𝑣; 𝜏0 is the ring-

down time when there are no absorptions; 𝑐 is the speed of light; 𝑠(𝑣) is the absorption 

cross section area of the molecules that absorb light at frequency 𝑣 ; 𝑁  is the sample 

concentration. 

2.1.6.2 Sample Line Considerations 

Before the actual sample concentration measurement, it is very important to prepare 

the sample line carefully to get fast and accurate response from CRDS. Due to the nature 

of surface adsorption, the sample line may be contaminated, therefore the sample like 

moisture concentration measured will be higher than the actual value.  

One of the typical methods for the sample line preparation is to purge the sample 

with ultra-high-purity gases, such as nitrogen. It may take more than 24 hours to purge the 

sample line until the outlet concentration (as shown from CRDS) is at low ppb or sub-ppb 
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level, for example, below 5 ppb. Heating the sample line or purging the sample line with 

higher flow rate will accelerate the preparation process.  
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CHAPTER 3 

IMPURITY DRIFT AND VARIATIONS IN HIGH-PURITY GAS DELIVERY 

SYSTEMS 

 

3.1 INTRODUCTION 

Ultra-pure gases, used in high-technology industries, such as in semiconductor 

fabrication plants (referred to as “fabs”), are two types: inert gases used for system purge 

as well as process and specialty gases used in the reactors. These gases are often supplied 

from cryogenic sources and transported from the gas storage facilities of the plant to the 

points of use (POU) in long pipes. In general, processes in high technology manufacturing 

are sensitive to the presence of impurities in both bulk and specialty process gases [10, 11]. 

For example, the deposition processes in semiconductor manufacturing are very sensitive 

to moisture in inert gases that are used for purging and dilution purposes. Impurities in 

these cryogenic gases need to be lowered to low and sub ppb levels. These requirements 

cannot be simply satisfied only by purchasing gases of the highest purity [11, 16], since 

contamination can be introduced into the gas delivery systems through cryogenic sources, 

valves, regulators, delivery pipes, and particle filters [11, 16]. Moisture is among the most 

challenging contaminant due to its strong adsorption and weak desorption on various types 

of delivery pipe surfaces [11-13, 26]. It can affect a wide range of semiconductor 

manufacturing processes such as plasma-assisted deposition and etching [16, 27]. The 

presence of moisture affects the reaction chemistry as well as the quality and the adhesion 
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of thin layers to substrates. Very often two aspects of moisture control need to be 

considered:  

1) Purification and removal of moisture in inert gases;  

2) Avoiding the changes and the drift in the moisture level that would cause a drift 

in process setting and recipe calibration.  

Process and inert gases supplied from cryogenic sources, are transported through 

long pipes that are exposed to the ambient conditions (often outdoors) in a factory. The 

variations in the ambient temperature, accentuated by the variation of usage flow rate 

causes uncontrolled drift in purity at the POU. This failure lowers performance of process 

tools and may even shut down the manufacturing, bringing very large revenue loss to the 

fabrication plant [7].  

The moisture level drift at the POU is primarily due to two factors: 

1) Drift caused by the composition change in the source. In many cases, moisture 

level in the cryogenic supply tank goes up with time due to the difference between the 

volatility of moisture and that of the primary gas. 

2) Drift caused by interactions of impurities with the surfaces of delivery pipes and 

components. The surfaces of the long delivery pipes provide large number of surface sites 

for the adsorption and desorption of the moisture. The temperature changes further affect 

the kinetics and the equilibrium of this adsorption effect. 



45 

 

 

 

 

 

There have been some attempts to modify the cryogenic tanks and the evaporation 

process to minimize the change in the concentration in the tank and minimize the drift 

related to the source [15]. However, these measures do not eliminate the drift issue, 

particularly because it is not practical and feasible to eliminate the moisture drifts due to 

surface interactions and variation in temperature past the point of purification. Purifiers can 

be used to remove moisture at the POU [16]; however, these purifiers are very expensive 

and lose efficiency under transient flow situations. 

The overall objective of this work is to understand and develop a process control 

method to mitigate the drift in the POU moisture level. While nitrogen is selected as a 

model compound in this study, the goal has been to develop a method that would be 

applicable to all gases supplied from cryogenic sources. 

 

3.2 EXPERIMENTAL APPROACH 

The experimental set-up for the study of drift and fluctuations in impurity 

concentration in gases supplied from cryogenic gas sources is shown in Figure 3.1. In the 

particular arrangement for this study, nitrogen was used as the main supply gas and 

moisture as the representative impurity. The system consisted of three sections: one section 

had the liquid nitrogen source (a cryogenic dewar), the pressure and the flow control 

components, and the gas dilution devices. The second section consisted of three analyzers 

for measuring moisture level at three difference ranges. The analyzers were an 

Atmospheric Pressure Ionization Mass Spectrometer (APIMS) unit for low and sub ppb 
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moisture range, and two analyzers using Cavity Ring-down Spectroscopy (CRDS) for 

measuring higher concentrations. The third section, for dilution and calibration, consisted 

of the purified nitrogen supply, a controlled source of moisture by a membrane permeation 

device, and various flow control components. The amount of nitrogen in the dewar was 

measured by a scale. The concentration of moisture in the gas supplied by the cryogenic 

tank as well as the amount of nitrogen left in the tank were monitored with time under 

controlled flow rate and temperature conditions. This information was used in conjunction 

with the formulation, described in the modeling section, to determine the equilibrium 

constant, which is a key input parameter in the comprehensive model. 
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Figure 3.1: Experimental set-up 

 

3.3 MODEL DEVELOPMENT 

3.3.1 Cryogenic Tank Model 

A single tank model was developed to represent the cryogenic source behavior. 

Liquid nitrogen evaporates and the vapor is withdrawn from the nitrogen tank at a given 

flow rate. Moisture is assumed the impurity component in the nitrogen source. Ideal gas 

behavior is assumed for the gases (nitrogen and moisture) in the tank and liquid-vapor 

equilibrium is assumed for the tank content. The equations in the tank model are shown 

below. 
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𝑉𝑔 + 𝑉𝑙 = 𝑉𝑡 (3.1) 

𝐶𝑡𝑉𝑔 + 𝐶𝑙𝑉𝑙 = 𝑀 (3.2) 

−
𝑑𝑀

𝑑𝑡
= 𝐶𝑡𝑄 (3.3) 

𝑌𝑔 = 𝑌𝑙𝐻 (3.4) 

−
𝑑𝑉𝑙

𝑑𝑡
𝛼 =

𝑑𝑉𝑔

𝑑𝑡
+ 𝑄 (3.5) 

In the above equations, 𝑉𝑡 , 𝑉𝑔 , and 𝑉𝑙  are the total tank volume, the gas phase 

volume, and the liquid phase volume in the tank, respectively.𝐶𝑡 and 𝐶𝑙 are the moisture 

concentration of the vapor and liquid phases in the tank, 𝑀 is the total amount of moisture 

in the tank, 𝑄 is the withdrawn flow rate, 𝑌𝑔 and 𝑌𝑙 are the mole fraction of moisture in the 

vapor and the liquid phases, 𝐻 is Henry’s law constant, and  𝛼 is the ratio of liquid nitrogen 

density to vapor nitrogen density. Equations (3.2) and (3.3) are the mass balance for 

moisture in the tank, Equation (3.4) shows the liquid-vapor equilibrium of moisture, and 

Equation (3.5) is the balance for volume of gaseous nitrogen.  

Using 𝑉𝑙 = 𝑉𝑡 − 𝑉𝑔, and 𝐶𝑙 =
𝐶𝑡∗𝛼

𝐻
 , and considering the fact that 𝛼 ≫ 1, Equations 

(3.1), (3.2) and (3.4) can be rearranged as 

 −
𝛼

𝐻
𝐶𝑡𝑉𝑔 +

𝛼

𝐻
𝐶𝑡𝑉𝑡 = 𝑀 (3.6) 

Since 𝑑𝑉𝑙 = −𝑑𝑉𝑔 , Equation (3.5) can be written as  
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𝑑𝑉𝑔

𝑑𝑡
= −

𝑑𝑉𝑙

𝑑𝑡
=  

𝑄

𝛼 − 1
≈

𝑄

𝛼
 (3.7) 

Taking derivative of Equation (3.6) gives 

 
𝑑(−

𝛼
𝐻 𝐶𝑡𝑉𝑔 +

𝛼
𝐻 𝐶𝑡𝑉𝑡)

𝑑𝑡
=

𝑑𝑀

𝑑𝑡
 (3.8) 

Combining Equations (3.3), (3.7), and (3.8) gives 

 
𝛼

𝐻
𝑉𝑙

𝑑𝐶𝑡

𝑑𝑡
+ (𝑄 −

𝑄

𝐻
) 𝐶𝑡 = 0 (3.9) 

The initial conditions for Equations (3.7) and (3.9) are: 

 𝑎𝑡 𝑡 = 0, 𝑉𝑔 = 𝑉𝑔0 (3.10) 

 𝑎𝑡 𝑡 = 0, 𝐶𝑡 = 𝐶𝑡0 (3.11) 

Equations (3.7) and (3.9), with their initial conditions, are two first- order ordinary 

differential equations involving the dependent variables 𝐶𝑡  and 𝑉𝑔  and the independent 

variable 𝑡. These equations were solved simultaneously using the backward difference 

numerical method. The results gave the time profile of moisture concentration in the gas 

that is delivered from the cryogenic tank, 𝐶𝑡, as the tank is utilized. 

3.3.2 Full System Model 

As shown in Figure 3.2, the full system consists of the cryogenic source and the 

distribution line that connects the tank to the process tool. Liquid nitrogen vaporizes in the 

tank and flows through the pipe to the POU. 
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Figure 3.2: Simplified schematic of a transfer pipeline 

 

The model for the full system adds the equations representing processes that take 

place in the pipe to the tank equations given in Section 3.3.1. Inside the pipe, moisture 

interacts with the pipe surface through adsorption and desorption; it is also transported 

through convection and dispersion, as shown in Figure 3.3. 
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Figure 3.3: Transport processes inside the pipes 

The pipe connecting the tank source to the fab is usually located outside the 

controlled temperature process area; therefore, its temperature varies following a given or 

measured ambient temperature profile. 

The conservation equation that describes the surface concentration is: 

 
𝜕𝐶𝑠

𝜕𝑡
= −𝑘𝑑𝐶𝑠 + 𝑘𝑎𝐶𝑔(𝑆0 − 𝐶𝑠) (3.12) 

where 𝐶𝑠 is moisture concentration on pipe wall, 𝐶𝑔 is moisture concentration in 

gas phase, 𝑘𝑎 is adsorption rate constant, 𝑘𝑑 is desorption rate constant, 𝑆0 is site density 

of surface adsorption. The two terms on the right side show the adsorption and desorption 

of the moisture on the surface. 

The conservation equation for the gas phase concentration is:  
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𝜕𝐶𝑔

𝜕𝑡
+ 𝛻. (𝑢𝐶𝑔) = 𝛻. (𝐷𝑒𝛻𝐶𝑔) +

4

𝑑
[(𝑘𝑑𝐶𝑠 − 𝑘𝑎𝐶𝑔(𝑆0 − 𝐶𝑠))] (3.13) 

where 𝐷𝑒 is the effective dispersion coefficient, 𝑢 is flow velocity, 𝛻. (𝑢𝐶𝑔) is the 

convective and 𝛻. (𝐷𝑒𝛻𝐶𝑔) is the diffusive contributions to moisture transport; 
4

𝑑
[(𝑘𝑑𝐶𝑠 −

𝑘𝑎𝐶𝑔(𝑆0 − 𝐶𝑠))]  represents the moisture adsorption and desorption processes. In the 

Laminar flow regime, which applies to most operating conditions interest, 𝐷𝑒 is given by 

the following Aris-Taylor equation [28]  

 𝐷𝑒 = 𝐷𝑚 +
𝑑2𝑢2

192𝐷𝑚
 (3.14) 

where 𝐷𝑚 is the molecular diffusivity of moisture in the bulk nitrogen gas. In the 

turbulent regime, 𝐷𝑒 is given by empirical equations or data [29].  

The initial conditions and the boundary conditions of Equations (3.13) and (3.14) 

are 

 𝑡 = 0,      𝐶𝑠 = 𝐶𝑠0 (3.15) 

 𝑡 = 0,      𝐶𝑔 = 𝐶𝑔0 (3.16) 

 𝑥 = 0,      𝑢𝐶𝑔𝑖𝑛 = (𝑢𝐶𝑔 − 𝐷𝑒

𝜕𝐶𝑔

𝜕𝑥
)𝑥=0+  (3.17) 

 𝑥 = 𝐿,          
𝜕𝐶𝑔

𝜕𝑥
= 0 (3.18) 
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 𝛻𝐶𝑠 = 0    𝑓𝑜𝑟 𝑎𝑙𝑙 𝑡ℎ𝑒 𝑏𝑜𝑢𝑛𝑑𝑟𝑖𝑒𝑠 (3.19) 

where 𝐿 is the length of pipe. 

When the gases from the cryogenic tank go into the pipe, they will have expansion 

due to the temperature rise from the equilibrium value in the tank to the temperature in the 

pipe. The moisture concentration on the inlet boundary of the pipe is given by 

 𝐶𝑔𝑖𝑛 = 𝐶𝑡

𝑇𝑡

𝑇
 (3.20) 

where 𝑇𝑡 is the equilibrium temperature in the tank, and 𝑇 is the temperature in the 

pipe. 

Temperature swing between a low temperature 𝑇𝑙 and a high temperature 𝑇ℎ was 

introduced to the pipe. Some parameters, like 𝑘𝑎, 𝑘𝑑, and 𝐷𝑚, are functions of temperature.  

The adsorption rate constant 𝑘𝑎 and the desorption rate constant 𝑘𝑑 are given by 

 𝑘𝑎 ∝ 𝑒
−𝐸𝑎
𝑅𝑇  (3.21) 

 𝑘𝑑 ∝ 𝑒
−𝐸𝑑
𝑅𝑇  (3.22) 

where 𝐸𝑎 and 𝐸𝑑 are activation energy for the adsorption and the desorption. 

The molecular diffusivity of moisture in the bulk nitrogen gas 𝐷𝑚 is proportional 

to 𝑇
3

2. 
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3.3.3 Special Case 

A special case of the tank model, used in this study to determine the value of 

equilibrium constant, 𝐻, is for situation where the flow rate 𝑄 is constant. This condition 

was used in the experiment described in Section 3.2. In this special condition of constant 

𝑄, Equations (3.10) and (3.7) give 

 𝑉𝑔 =
𝑄

𝛼
𝑡 + 𝑉𝑔0 (3.23) 

Combining Equations (3.23) and (3.9),  

 
𝑑𝐶𝑡

𝑑𝑡
+

𝐻𝑄 − 𝑄

𝛼𝑉𝑙0 − 𝑄𝑡
𝐶𝑡 = 0 (3.24) 

where 𝑉𝑙0 = 𝑉𝑡 − 𝑉𝑔0. 

Integrating Equation (3.24) gives 

 𝐶𝑡 = 𝐶1(𝛼𝑉𝑙0 − 𝑄𝑡)𝐻−1 (3.25) 

where 𝐶1 is the integration factor. 

The initial condition of Equation (3.25) is 

 𝑎𝑡 𝑡 = 0, 𝐶𝑡 = 𝐶𝑡0 (3.26) 

Solving Equation (3.25) gives 

 𝐶𝑡 = 𝐶𝑡0(𝛼𝑉𝑙0)1−𝐻(𝛼𝑉𝑙0 − 𝑄𝑡)𝐻−1 (3.27) 
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Dividing both sides of Equation (3.27) by the concentration of vapor nitrogen, of 

which the value is a constant under the equilibrium condition in the tank, and gives 

 
𝑌𝑔

𝑌𝑔0
= (𝛼𝑉𝑙0)1−𝐻(𝛼𝑉𝑙0 − 𝑄𝑡)𝐻−1 (3.28) 

where 𝑌𝑔 is the mole fraction of moisture in the vapor nitrogen, and 𝑌𝑔0 is its initial 

value. 

Take the natural logarithm of Equation (3.28) and obtain 

 ln (
𝑌𝑔

𝑌𝑔0
) = (1 − 𝐻) ln (

𝛼𝑉𝑙0

𝛼𝑉𝑙0 − 𝑄𝑡
) (3.29) 

Equation (3.29) can be used to analyze the experimental data and determine the 

equilibrium constant, 𝐻. 

 

3.4 RESULTS AND DISCUSSION 

3.4.1 Parameter Estimation 

The experimental data from the cryogenic tank experiments, described in Section 

3.2, is given in Table 3.1.   
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Table 3.1: Experiment data of measuring Henry’s law constant 

Percentage mass of N2 

used  

APIMS reading of 

moisture in N2 (ppb) 

0 24 

12 25 

30 32 

40 33 

60 42 

70 50 

80 65 

86 105 

 

The equilibrium condition in the cryogenic tank is described by the Antoine 

equation: 

 𝑇 =
𝐵

𝐴 − ln (𝑃)
− 𝐶 (3.30) 

For nitrogen, 𝐴 = 13.45, 𝐵 = 658, 𝐶 = −2.85 [30], vapor pressure 𝑃 of the liquid 

nitrogen is 70 psi (4.83 E5 Pa), and the equilibrium temperature is 93.35 K. Under these 
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conditions, the densities of nitrogen vapor and liquid, 𝜌𝑔  and 𝜌𝑙 , are 17.41 kg/m3 and 

727.26 kg/m3, respectively [31].  Therefore, the ratio of liquid nitrogen density to vapor 

nitrogen density 𝛼 is 41.77. The total initial mass of the nitrogen in the tank, 𝑚0, is 1.83 

kg, as given by 

 𝑚0 = 𝜌𝑔𝑉𝑔0 + 𝜌𝑙𝑉𝑙0 (3.31) 

The percentage mass of N2 used, 𝑓, is  

 𝑓 = 𝜌𝑔𝑄𝑡/𝑚0 (3.32) 

Using the above parameters and the experimental data of Table 1, Equation (3.29) 

is used to obtain the value of Henry’s Law equilibrium constant, 𝐻. The resulting plot, as 

shown in Figure 3.4, gives 𝐻 value of 0.39. This value of equilibrium constant means that 

there is a selective retention of moisture in the liquid phase and an increase in moisture 

impurity in the nitrogen with time as the amount of nitrogen left in the tank decreases. 
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Figure 3.4:  Determination of the Henry’s law constant 

 

3.4.3 Cryogenic Tank Drift 

The tank model can be used to predict the dynamics of the drift in moisture 

concentration in nitrogen supplied from cryogenic tanks under various conditions. As an 

example, a tank with a total volume of 30 m3 was considered as a source that supplied 

nitrogen to the POU. A cyclic flow was assumed to simulate the transient usage rate that is 

typical in a fab. The flow rate cycled between a high flow rate 𝑄ℎ of 9.93 E-3 m3/s and a 

low flow rate 𝑄𝑙 of 9.93 E-4 m3/s.  𝑄ℎ and 𝑄𝑙 lasted for 0.33 and 1 hour, respectively, in 

each flow cycle. The predicted moisture concentration profile from the tank and the liquid 

nitrogen volume in the tank are shown in Figure 3.5. 
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The results show that the concentration rises from 20 ppb to nearly 130 ppb in 96 

hours; the moisture level increases rapidly after about 70% of the liquid nitrogen is used. 

This drift is due to the partition of moisture and its selective retention in the liquid phase, 

which results in a drift towards a higher moisture impurity in the nitrogen vapor delivered 

by the tank. 

 

 

Figure 3.5. Moisture concentration profile delivered by the tank and liquid nitrogen 

volume in the tank 
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3.4.3 Transport Pipe Effect 

The various transport steps and surface interactions in the pipe contribute to the 

drift and variations of moisture concentration at the POU. The model presented in Section 

3.3 was used to illustrate this effect, using a pipe, 100 meters in length and 0.1 meters in 

diameter, with an inlet flow rate of 9.93 E-4 m3/s. The inlet concentration was kept constant 

at 20 ppb. The adsorption rate constant, 𝑘𝑎0, of 3.5 m3/mol·s and the desorption rate 

constant, 𝑘𝑑0 of 0.005 1/s at 298 K were assumed. The surface site density 𝑆0 of 1.5 E-4 

mol/m2 were used in this example. Temperature variation on the pipe was assumed to have 

a cyclic form, represented by the function  15 sin (
𝜋

12
𝑡[ℎ𝑟]) + 298 𝐾 . The activation 

energies for adsorption and desorption, 𝐸𝑎 and 𝐸𝑑, were assumed to be 2.09 E4 J/mol and 

1.26 E5 J/mol, respectively. These values are in the reasonable practical range [11] and used 

for illustrative purposes. However, the exact values for each system depend on specific 

properties such as the pipe material, the specific gas mixture properties, and the operation 

of the transport lines in the fab. The resulting concentration time profile at the POU for this 

example is shown in Figure 3.6. 
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Figure 3.6: Effect of transport and surface interactions in the pipe on the POU 

concentration 

 

The complex profile for moisture in the pipe outlet is the result of simultaneous 

interactions (some enhancing and some opposing each other) of various transport, 

adsorption, and desorption processes. Added to this is the cumulative effect of moisture 

accumulation and depletion on the surface, which varies with time and location. These 

combined effects create a complex pattern of peaks of valleys in the outlet moisture 

concentration. For example, in the first six hours of operation, temperature goes up, 𝑘𝑎 and 

𝑘𝑑 both increase, desorption process dominates at the beginning, surface concentration, 𝐶𝑠, 

decreases as the desorption proceeds, while the adsorption rate increases gradually. As a 

result, the outlet concentration increases to the peak then decreases slowly.  
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In most typical high-technology manufacturing processes, such as in semiconductor 

fabs, efforts are made to lower the concentration of all contaminants, particularly moisture, 

in both inert and reactive process gases. However, in many situations the processes and 

purifiers are calibrated and set up to handle a low but controlled and steady level of 

impurities. What is often disastrous and cannot be tolerated by process tools and cannot be 

remedied by purifiers are the rapid and uncontrolled drifts and fluctuations in the impurities, 

such as the ones presented here. The modeling approach and results presented in this work 

are helpful in understanding the causes and the effects of operational factors that contribute 

to these drifts and variations. The modeling tools developed are also essential in developing 

strategies to mitigate them. 

3.4.4 Parametric Study 

To see the effect of key system characteristics, and operating conditions, the 

following parametric study was conducted using the process model developed in this work. 

However, in all cases of this study, the adsorption rate constant 𝑘𝑎0 of 10.5 m3/mol·s at 

298 K, the desorption rate constant 𝑘𝑑0 of 0.005 1/s at 298 K, and surface site density S0 

of 6 E-4 mol/m3 were fixed and used. 

3.4.4.1 Effect of Pipe Length 

Three pipe lengths (50 m, 100 m, and 150 m) were used in this evaluation. Nitrogen 

was supplied from a 30 m3 cryogenic tank into the pipe at a constant temperature of 298 K, 

and with a flow rate 𝑄𝑙 of 9.93 E-4 m3/s. The initial moisture concentration was 20 ppb 

and the initial surface concentration on the pipe surface was in equilibrium with this initial 
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gas phase concentration. The inlet and outlet moisture concentration profiles are shown in 

Figure 3.7, where 𝐶𝑜𝑢𝑡 is outlet moisture concentration. 

The results show that the outlet concentration essentially follows the trend of drift 

in the inlet concentration, which is the supply from the tank; however, there is an initial 

delay in the rise of moisture level in the outlet due to adsorption of moisture on the pipe 

surface.  The outlet is always lower than the inlet; this difference increases as the pipe 

length increases.  

    

 

Figure 3.7: Effect of pipe length on the moisture concentration in the pipe outlet 
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3.4.4.2 Effect of Tank Size 

Three tank sizes (10 m3, 20 m3, and 30 m3) were used for this evaluation. The pipe 

was 100 m in length, and the flow rate was 9.93 E-4 m3/s. The resulting outlet concentration 

profiles are shown in Figure 3.8. The results show that a smaller tank has a higher 

concentration drift. This trend is observed for both pipe inlet and outlet profiles.  

Figure 3.10 is a plot of the difference between the moisture level in the tank outlet 

and that at the end of the transfer line (POU). This difference is a measure of the alternation 

of the moisture content due to the processes in the pipe. The results show that this 

difference is larger for smaller tanks. That is because the drift in the moisture concentration 

is faster for smaller tanks, resulting in a higher moisture level in the gas, which in turn 

increases the adsorption rate and the loss of moisture to the pipe walls.   

The change in the slope of the curves in Figure 3.9 after about 5 hours shows that 

the adsorption effect goes through a significant change when the pipe approaches saturation 

with moisture and its ability to adsorb decreases.   
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Figure 3.8: Effect of tank size on the moisture concentration in the pipe outlet 
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Figure 3.9: Moisture concentration difference between the tank outlet and pipe outlet 

 

3.4.4.3 Effect of Flow Rate 

For this part of parametric study, a periodic flow rate, cycling between a high 𝑄ℎ 

and a low 𝑄𝑙, was assumed. Three values for 𝑄ℎ (2.5 E-3, 5 E-3, and 0.01 m3/s) were used 

and compared; 𝑄𝑙 was kept at 9.93 E-4 m3/s. The durations for high and low flow were 

0.33 hours and 1 hour, respectively. The tank was 30 m3, the pipe of 100 m, the pipe 

temperature was 298 K, and the initial moisture concertation from the tank was 20 ppb.  

The results, shown in Figure 3.10, show that both the inlet and outlet concentrations 

increase with time. The drift, primarily controlled by the high-flow periods, is higher for 

the larger values of 𝑄ℎ; the drift during the low flow periods is small. As expected, the 
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higher flow rate results in a higher overall drift after any given time, due to a faster 

enrichment of moisture in the cryogenic tank. 

 

 

Figure 3.10: Effect of flow rate on the moisture concentration in the pipe outlet 

 

3.4.4.4 Effect of Temperature Swing 

In most fabs, the inert gas pipes run in uncontrolled open air from gas storage areas 

to the fab building. In this set-up, a large portion of pipes is exposed to cycles of varying 

daytime to nighttime temperatures. To understand the significance of these temperature 

cycles, the effect of three levels of temperature change, 𝑇ℎ − 𝑇𝑙, (20 K, 30 K, and 40 K) on 
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the moisture content of at the POU was investigated. The temperature cycles were 

simulated as a periodic function of 
𝑇ℎ−𝑇𝑙

2
sin (

𝜋

12
𝑡[ℎ𝑟]) + 298 𝐾. The pipe length of 100 

meters, the flow rate of 𝑄𝑙, and the tank volume of 30 m3 were assumed in this example. 

The results, illustrated in Figure 3.11, show that the size of the peak in the POU 

moisture content is very sensitive to temperature swing; for example, a variation of 40 K 

in temperature gives a 200 ppb peak that is definitely out of the acceptable range for most 

fabrication processes. In fact, the effect of this temperature swing is the most dominant and 

potentially the most problematic amongst various system and operating parameters 

investigated in this study. 
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Figure 3.11: Results of temperature variation on the moisture concentration in the 

pipe outlet 

 

3.5 CONCLUSIONS 

The uncontrolled variation of impurities, particularly moisture, in the UHP gas 

delivery systems are often due to two sources: the drift in purity from cryogenic sources 

and the adsorption and desorption on the delivery pipe surfaces. The experimental results 

in this study show that moisture in nitrogen has the tendency to concentrate selectively in 

the liquid phase as liquid nitrogen is evaporated from a pool of cryogenic liquid in a tank. 

This is also expected to be the case with moisture in most other inert and process gases. 

This drift, if not corrected for, will result in a gradual but significant increase in the 
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moisture content of gases from cryogenic sources as usage continues. The higher 

withdrawn flow rate and/or smaller tank size will enhance this moisture drift.  

The transport and delivery pipes also play a key role in the impurity fluctuations 

and drift at the POU; this is due to their large surface area that provides abundant adsorption 

sites for impurity retention and release in complex and uncontrolled dynamics. The 

adsorption and desorption of moisture on most surfaces are very sensitive to temperature; 

therefore, temperature variations have a large impact on the moisture concentration at the 

POU. Additionally, adsorption and desorption interact with various modes of fluid 

transport in the pipe; the net effect of these interactions depends on flow rate, pipe size, 

and pipe materials. 

The results of case study show that the comprehensive process model that was 

developed in this study is a powerful tool for analyzing the fluctuations of impurities in the 

supply, delivery, and transport sections of the UHP gas systems. The model can be used 

for analysis of the observation in an existing system, developing strategies to mitigate 

related issues, and the design of new systems to avoid the impurity surges and drifts. 

Further quantitative validation and application of the model to specific UHP gas 

distribution systems will continue in the next phase of this study [32]. 
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CHAPTER 4 

A CONTROLLED MIXING METHOD FOR STABILIZING THE PURITY AND 

REDUCING THE WASTE IN GAS DELIVERY SYSTEMS 

 

4.1 INTRODUCTION 

Ultra-high-purity (UHP) gases are widely used in semiconductor fabrication plants 

(fabs), both as reactants in some processes like deposition and etching [16, 27], and as inert 

gases for purging various parts of the system. For example, UHP nitrogen is used in very 

large quantities in semiconductor fabs as diluent and purge medium. The UHP gases are 

typically delivered through pipes from gas storage facilities outside the fab to the point of 

use (POU). UHP gases, such as nitrogen, are usually stored in the cryogenic tanks where 

gas is produced by controlled vaporization of the stored liquid and transported through 

delivery pipes to the fab. Most semiconductor processes are very sensitive to impurities 

and require a well-controlled quality [10, 11]. Failure to maintain a stable purity level at the 

(POU) can lower the performance of process tools and even slow or shut down the 

processing line [7].  

Moisture, selected as the model impurity species in this study, is one of the most 

common impurities. While affecting many fabrication processes even at the parts per 

billion (ppb) levels, it is also one of the most challenging impurities to remove and control 

due to its strong adsorption on the surfaces of transport line, components, and reactors [11-
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13]. Additionally, when gases are supplied from cryogenic sources, there is usually some 

drift and variation in the moisture level at the POU due to two major factors [14]:  

1) Source drift: This is caused by the build-up of moisture in the cryogenic tanks 

due to the selective retention of moisture in the liquid phase during vaporization. As 

impurity level goes up with time and gas usage, and the gas purity can no longer satisfy the 

process requirements (usually after 70% ~ 80% of a tank is used), the remaining content is 

rejected and wasted, causing financial and environmental losses. 

2) Temperature-induced variations: This is caused by adsorption (capture) and 

desorption (release) of moisture on the surfaces of delivery pipes and flow-control devices. 

The delivery pipes in most fabs are long and therefore a major sink for moisture adsorption. 

Moreover, these pipes, running from the storage area to the POU are usually in the open 

environment. Therefore, ambient temperature variations would have a large effect on the 

moisture adsorption and desorption, leading to drifts and spikes in impurity at the POU. 

Single tank systems are widely used as cryogenic sources for many gases in 

industry today. However, this configuration results in impurity drift due to selective 

retention and accumulation of impurities in one phase during vaporization. For example, 

moisture is selectively retained in the liquid phase of most inert and process gas tanks, 

resulting in impurity drift upward, as liquid is vaporized and gas is withdrawn from the 

cryogenic tank. The drift necessitates shutting down the supply when the impurity level 

reaches the highest acceptable level. At this time, the partially used tank needs to be 

returned to the supplier, often with large amount of gas remaining unused in the tank. This 
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increases the cost and the negative environmental impact of the operation due to the partial 

usage of tank content.  

In recent years, some modifications have been introduced in cryogenic tank design 

to reduce the effect of source drift [15]. These changes increase the cost and the 

complications of supply tanks significantly. However, there has been no systematic study 

of disturbances causes by pipelines or developments of techniques to mitigate them. 

Purifiers can be used to remove moisture at the POU [16]; however, they are expensive and 

often unreliable under transient flow conditions. A previous study by our group focused on 

some preliminary study of the effect of pipeline geometry and temperature variations on 

the moisture level at the POU (Chapter 3). The objective of the current work has been to 

develop a method for mitigating the effects of the variations in impurity levels, caused by 

the above two factors and assuring a stable and well-controlled purity level at the POU. 

 

4.2 METHOD OF APPROACH 

The proposed concept and the associated system in this study are schematically 

shown in Figure 4.1. The system, chosen to illustrate the method, consists of two cryogenic 

tanks, two mass flow controllers (MFC), a gas delivery system, a real-time sensor for on-

line measurement of impurities, and the auxiliary electronics for running the process 

simulator, data acquisition, and MFCs programing and control. The flow streams from the 

two tanks are controlled by two MFCs, then mixed and transported to the POU through a 

transport pipeline. The impurity level at the POU is monitored by an online sensor. The 
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process simulator provides input to the MFC controller unit that adjusts the flow out of 

each MFC. Overall, the set-up provides a dynamic flow-mixing scheme run by the output 

from the process simulator. The system properties, operating conditions and purity 

requirements are all inputs to the process simulator. The details of the process simulator 

and its functions are described in the following two sections: first one for cancelling the 

drift in the cryogenic tanks and the second one for mitigating the effects of the pipeline 

temperature variations. 

Figure 4.1: Schematic of proposed system 

 

4.2.1 Multiple Tanks to Resolve the Source Drift Problem 

As pointed out in the Introduction section, the single-tank configuration results in 

impurity drift due to the accumulation of impurities like moisture in the liquid phase during 

vaporization. This leads to partial usage of tank content and wasting of gas. To resolve this 
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drift issue, a dual tank system is proposed, where flow rates from two tanks are varied and 

mixed so that a stable and well-controlled purity level is obtained. 

Assuming that gas and liquid in the tank are in equilibrium, the following equations 

determine the operation of tank 1: 

 𝑉𝑔1 + 𝑉𝑙1 = 𝑉𝑡1 (4.1) 

 𝐶𝑡1𝑉𝑔1 + 𝐶𝑙1𝑉𝑙1 = 𝑀1 (4.2) 

 −
𝑑𝑀1

𝑑𝑡
= 𝐶𝑡1𝑄 (4.3) 

 𝑌𝑔1 = 𝑌𝑙1𝐻 (4.4) 

 −
𝑑𝑉𝑙1

𝑑𝑡
𝛼 =

𝑑𝑉𝑔1

𝑑𝑡
+ 𝑄 (4.5) 

where 𝑉𝑡1, 𝑉𝑔1, and 𝑉𝑙1 are the total tank volume, the gas phase volume, and the 

liquid phase volume in the tank, respectively. 𝐶𝑡1 and 𝐶𝑙1 are the impurity concentrations 

in the vapor and liquid phases in the tank, 𝑀1 is the total amount of impurity in the tank, 𝑄 

is the withdrawn flow rate, 𝑌𝑔1 and 𝑌𝑙1 are the mole fractions of impurity in the vapor and 

the liquid phases, 𝐻 is Henry’s law constant, and 𝛼 is the ratio of liquid to vapor densities. 

Equations (4.2) and (4.3) together are the mass balance for the impurity in the tank; 

Equation (4.4) shows the liquid-vapor equilibrium for the impurity, and Equation (4.5) is 

the overall balance for gaseous content. Solving these five equations simultaneously gives: 
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𝑑𝑉𝑔1

𝑑𝑡
=

𝑄

𝛼
 (4.6) 

 
𝑑𝐶𝑡1

𝑑𝑡
=

𝑄(1 − 𝐻)𝐶𝑡1

𝛼𝑉𝑙1
 (4.7) 

The total flow rate, 𝑄, which is the sum of the flow rates from the tanks is given by 

the process demand at the POU. The flow rate from the first tank, 𝑄1 , as a fraction of 𝑄, is 

given by: 

 𝑄1 = 𝑏𝑄 (4.8) 

Equations (4.6) and (4.7) can be modified as 

 
𝑑𝑉𝑔1

𝑑𝑡
=

𝑏𝑄

𝛼
 (4.9) 

 
𝑑𝐶𝑡1

𝑑𝑡
=

𝑏𝑄(1 − 𝐻)𝐶𝑡1

𝛼𝑉𝑙1
 (4.10) 

Similarly, the equations in tank 2 are 

 
𝑑𝑉𝑔2

𝑑𝑡
=

(1 − 𝑏)𝑄

𝛼
 (4.11) 

 
𝑑𝐶𝑡2

𝑑𝑡
=

(1 − 𝑏)𝑄(1 − 𝐻)𝐶𝑡2

𝛼𝑉𝑙2
 (4.12) 

The impurity concentration in the mixed flow from two tanks is 

 𝐶𝑡 = 𝑏𝐶𝑡1 + (1 − 𝑏)𝐶𝑡2 (4.13) 

Given any desired 𝐶𝑡(𝑡) function, the mixing function, 𝑏(𝑡), is given by: 
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 𝑏 =
𝐶𝑡 − 𝐶𝑡2

𝐶𝑡1 − 𝐶𝑡2
 (4.14) 

4.2.2. Programmed Mixing to Mitigate the Temperature-Induced Variations 

The analysis of the processes taking place in the pipeline is through solving the 

conservation equations of transport and reactions in the pipe. However, application of the 

conventional numerical approach in this particular case is complicated since the inlet 

concentration is not known; the known boundary condition is the outlet and not the inlet 

concentration. The proposed solution to this numerical issue is the use of an equivalent 

system model consisting of a series of well-mixed cell, shown in Figure 4.2, where the 

number of cells is selected to represent the extent of dispersion in the pipe. This modeling 

approach is widely used in the analysis of non-ideal tubular reactors [34]. 

 

Figure 4.2: Schematic of mixing cells model 

The mass balance for impurity in the gas phase for the first cell is given by 

 𝐶𝑖𝑛 − 𝐶1 +
𝑆

𝑄
[𝑘𝑑𝐶𝑠1 − 𝑘𝑎𝐶1(𝑆0 − 𝐶𝑠1)] =

𝑉

𝑄

𝑑𝐶1

𝑑𝑡
 (4.15) 

The mass balance for any intermediate cell 𝑖 in the chain is 
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 𝐶𝑖−1 − 𝐶𝑖 +
𝑆

𝑄
[𝑘𝑑𝐶𝑠𝑖 − 𝑘𝑎𝐶𝑖(𝑆0 − 𝐶𝑠𝑖)] =

𝑉

𝑄

𝑑𝐶𝑖

𝑑𝑡
 (4.16) 

and the corresponding equation for the last cell is 

 𝐶𝑓−1 − 𝐶𝑓 +
𝑆

𝑄
[𝑘𝑑𝐶𝑆𝑓 − 𝑘𝑎𝐶𝑓(𝑆0 − 𝐶𝑠𝑓)] =

𝑉

𝑄

𝑑𝐶𝑓

𝑑𝑡
 (4.17) 

The mass balance equations for the impurity adsorbed on the pipe surface are 

 𝑘𝑎𝐶1(𝑆0 − 𝐶𝑠1) − 𝑘𝑑𝐶𝑠1 =
𝑑𝐶𝑠1

𝑑𝑡
 (4.18) 

 
𝑘𝑎𝐶𝑖(𝑆0 − 𝐶𝑠𝑖) − 𝑘𝑑𝐶𝑠𝑖 =

𝑑𝐶𝑠𝑖

𝑑𝑡
 𝑓𝑜𝑟 𝑎𝑛𝑦 𝑐𝑒𝑙𝑙,

𝑖, 𝑖𝑛 𝑡ℎ𝑒 𝑐ℎ𝑎𝑖𝑛 

(4.19) 

 𝑘𝑎𝐶𝑓(𝑆0 − 𝐶𝑠𝑓) − 𝑘𝑑𝐶𝑠𝑓 =
𝑑𝐶𝑠𝑓

𝑑𝑡
 (4.20) 

where 𝐶𝑖𝑛 and 𝐶1 are the inlet and the outlet impurity concentrations of the first cell; 

𝐶𝑖−1 and 𝐶𝑖 are the inlet and the outlet impurity concentrations of cell 𝑖; similarly, 𝐶𝑓−1 

and 𝐶𝑓 are the inlet and outlet impurity concentrations of the last cell. 𝐶𝑠1, 𝐶𝑠𝑖, and 𝐶𝑠𝑓 are 

the adsorbed concentrations in these cells; 𝑘𝑎  is the adsorption rate constant, 𝑘𝑑  is the 

desorption rate constant, and 𝑆0 is the surface site density in each cell; 𝑆 is the surface area 

of each cell, 𝑉 is the cell volume, and 𝑄 is the total volumetric flow rate. 

The initial conditions of Equations (4.15) to (4.20) are 
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 𝑎𝑡 𝑡 = 0, 𝐶𝑠1 = 𝐶𝑠𝑖 = 𝐶𝑠𝑓 = 𝐶𝑠0 (4.21) 

 𝑎𝑡 𝑡 = 0, 𝐶𝑖𝑛 = 𝐶1 = 𝐶𝑖−1 = 𝐶𝑖 = 𝐶𝑓−1 = 𝐶𝑓 = 𝐶0 (4.22) 

where 𝐶𝑠0  is the initial adsorbed concentration, 𝐶0  is the initial gas phase 

concentration, and 𝐶𝑠0 is the adsorbed concentration in equilibrium with 𝐶0.  

The adsorption rate constant, 𝑘𝑎, and the desorption rate constant, 𝑘𝑑, are functions 

of temperature, given by 

 𝑘𝑎 ∝ 𝑒
−𝐸𝑎
𝑅𝑇𝑎  (4.23) 

 𝑘𝑑 ∝ 𝑒
−𝐸𝑑
𝑅𝑇𝑎  (4.24) 

where 𝐸𝑎 and 𝐸𝑑 are the activation energies for adsorption and desorption, 𝑅 is gas 

constant, and 𝑇𝑎 is ambient temperature in the pipe. 

When the mixed flow enters the pipe, its temperature rises from tank temperature, 

𝑇𝑡, to the pipe temperature which is assumed to be the ambient temperature, 𝑇𝑎. Therefore, 

the mixed concentration, 𝐶𝑡, is related to the inlet concentration of cell 1, 𝐶𝑖𝑛, by 

 𝐶𝑖𝑛 = 𝐶𝑡 ∗
𝑇𝑡

𝑇𝑎
 (4.25) 

and the change in the outlet concentration of the last cell, 𝐶𝑓, with temperature is 

given by 



80 

 

 

 

 

 

 𝐶𝑓 = 𝐶0 ∗
𝑇0

𝑇𝑎
 (4.26) 

where 𝑇0 is the initial temperature in the pipe. 

For a given desired 𝐶𝑓, the function 𝑏(𝑡), which is the ratio of flow rate from tank 

1 to the total flow rate, is determined by the simultaneous solution to the above equations. 

 

4.3. RESULTS AND DISCUSSION 

4.3.1. Two-Tank Configuration for Canceling the Impurity Drift 

Nitrogen and moisture are selected as the model main gas and impurity, 

respectively in this example. However, the methodology and the process simulator tool are 

not limited to these two compounds and can be applied to other gases as well. In this 

example, two tanks are used simultaneously as the cryogenic source for nitrogen. Initially, 

tank 1 is a partially used and tank 2 is a new full tank. Since the typical gas usage in 

semiconductor processing tools is transient and periodic, a cyclic flow rate is used to 

represent the total gas supplied by the system. 

In general, the present analysis can be used to determine the mixing function 𝑏(𝑡) 

needed for obtaining any desired impurity concentration in the mixed flow from the 

cryogenic tanks, 𝐶𝑡(𝑡). In this example, the desired concentration, 𝐶𝑡(𝑡), is assumed to be 

constant. The parameters used in this example are given in Table 4.1. Henry’s law constant 

of 0.39 was calculated from experimental data presented in previous study. It is assumed 



81 

 

 

 

 

 

that the flow rate needed at the POU alternates between a low value and a high value at 

regular intervals. This kind of variation is typical for most semiconductor fabrication 

applications and tools. Using the analysis method of Section 4.2.1, the mixing function, 

𝑏(𝑡), that gives a constant mixed concentration 𝐶𝑡(𝑡) = 35 𝑝𝑝𝑏, is determined; the results 

are shown in Figure 4.3.  

 

Table 4.1: Parameters in two-tank model study 

Parameter Definition Value 

𝐻 Henry’s law constant 0.39 

𝑉𝑔10 Initial gas volume in tank 1 18 m3 

𝑉𝑔20 Initial gas volume in tank 2 0.01 m3 

𝑄ℎ High flow rate 1.192 m3/min 

𝑄𝑙 Low flow rate 0.1192 m3/min 

𝑡ℎ Running time for high flow rate 20 min 

𝑡𝑙 Running time for low flow rate 60 min 

𝑉𝑡 Total tank volume 30 m3 
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𝐶𝑡10 Initial moisture concentration in 

tank 1 vapor 

35 ppb 

𝐶𝑡20 Initial moisture concentration in 

tank 2 vapor 

20 ppb 

𝐶𝑡(𝑡) Mixed concentration 35 ppb 

 

 

Figure 4.3: Temporal profile of the mixing function, 𝒃(𝒕) 
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Figure 4.4: Temporal profiles of the liquid content of the two tanks 

 

The mixing function profile shows that initially 𝑏(𝑡) = 1, indicating that the mixed 

flow is fully supplied from tank 1. As time goes on, 𝑏(𝑡) decreases because the moisture 

level in tank 1 increases and more flow from tank 2 is required to compensate for this 

increase. After about 44 hours, 𝑏(𝑡) is nearly zero, indicating that the mixed flow is almost 

provided from tank 2. At this time, moisture level in tank 1 is too high and the desired 

mixed concentration cannot be obtained by mixing the flow from these two tanks. 

Therefore, a tank change is needed at this time to replace the exhausted tank 1 with a new 

tank. 
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Figure 4.4 shows liquid volume in two tanks during this 44-hour cycle before tank 

replacement. At the end of this cycle, the liquid volume in tank 2 decreases from 30 m3 to 

12.1 m3, which is almost the same volume as the initial liquid volume (12 m3) in tank 1. 

The liquid volume in tank 1 goes from 12 m3 to 2.4 m3 after 44 hours. The 44-hour cycle 

represents the lifetime of tank 1 before replacing it with a new tank. At this time, tank 2 is 

in conditions similar to that of tank 1 at the beginning of the cycle. Therefore, a new cycle 

starts and repeats the same changes. After each cycle, the tank which runs out of liquid 

nitrogen will be taken out for recharge or replacement. 

 

Figure 4.5: Comparison of the impurity profiles in two-tank and single-tank 

configurations 
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To illustrate the advantages of the proposed system configuration in comparison 

with a typical conventional supply system, the time profiles of impurity in both cases are 

shown in Figure 4.5. In the conventional single-tank system, a stabilized moisture level is 

not achievable, and the impurity concentration goes up with time; after around 28 hours, 

the moisture level exceeds 35 ppb. However, using the proposed controlled mixing with 

the appropriate mixing function, 𝑏(𝑡), a stream with constant concentration of 35 ppb is 

obtained and maintained for the entire cycle time. Moreover, the results show that the two-

tank configuration with the proposed mixing technique results in 92% usage of the liquid 

nitrogen in each tank compared with less than 80% usage of liquid nitrogen in a 

conventional single-tank system. 

4.3.2. Application of the Proposed Scheme to Cancel the Combined Effects of Tank Drift 

and Pipe Temperature Variations 

In this example, a more complete system is analyzed, where the delivery tanks are 

followed by a pipeline that takes the gas from the tanks to the POU. Therefore, the transport 

processes, the adsorption and desorption effects, and the temperature changes in the 

ambient around the pipe all contribute to the impurity variations at the POU. For illustration, 

a desired constant moisture level of 40 ppb is assumed at the POU, which is the pipe outlet 

in this case. A cyclic flow rate between a high value 𝑄ℎ and a low value 𝑄𝑙 is used to 

represent the POU requirement. In one cycle, 𝑄ℎ lasts 20 minutes, and 𝑄𝑙 lasts 60 minutes. 

The cyclic ambient temperature (diurnal effect) is assumed to follow: 
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 𝑇𝑎 =  298 + 15 sin(
𝜋

12
( 𝑡[ℎ𝑟] + 12)) 𝐾 (4.27) 

The initial moisture concentration 𝐶0 is 7.79 E-6 mol/m3; therefore, the desired 

concentration at POU is: 

 𝐶𝑓 = (7.79𝐸 − 6 [
𝑚𝑜𝑙

𝑚3
]) ∗

298[𝐾]

15 𝑠𝑖𝑛(
𝜋

12 ( 𝑡[ℎ𝑟] + 12)) [𝐾]
 (4.28) 

The mixing function 𝑏(𝑡) is calculated in two steps. In the first step, the inlet 

concentration, 𝐶𝑖𝑛, is determined using the mixing cells model described in Section 4.2.2. 

The parameters of the system used in this example are listed in Table 4.2. 

 

Table 4.2: Parameters in combination of models 

Parameter Definition Value 

𝐸𝑎 Activation energy of adsorption 5 kcal/mol 

𝐸𝑑 Activation energy of desorption 30 kcal/mol 

𝑘𝑎0 Adsorption rate constant at 298 K 5 m3/mol·s 

𝑘𝑑0 Desorption rate constant at 298 K 5 E-5 1/s 

𝑆0 Surface site density 1.5 E-8 mol/m2 

𝐿 Pipe length 100 m 

𝑑 Pipe diameter 0.1 m 

𝑃 Pressure 4.83 E5 Pa 
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𝑄ℎ High flow rate 9.93 E-3 m3/s 

𝑄𝑙 Low flow rate 9.93 E-5 m3/s 

𝐶0 Initial moisture concentration 7.79 E-6 mol/m3 

 

In the first step, the pipe inlet concentration, 𝐶𝑖𝑛, is calculated from the mixing cell 

model of Section 4.2.2. 𝐶𝑖𝑛 starts as 𝐶0 and then changes due to temperature variations, 

going down as temperature goes up. The comparison of results for 3 and 4 tanks in Figure 

4.6 shows that there is not a significant difference in the final results between these two 

cases. 

In the second step, the procedure described in Section 4.2.1 is used to find 𝑏(𝑡) 

from 𝐶𝑖𝑛, calculated in step 1. Due to the presence of the pipeline, the system configuration 

in this case is different from that of example in Section 4.3.1; therefore, the resulting mixing 

function, 𝑏(𝑡), will also be different. 
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Figure 4.6: Comparison of 𝑪𝒊𝒏 profiles obtained by assuming 3 and 4 cells in 

modeling the pipeline 

 

In this example, the cycle starts with one tank initially full and one tank with 1/3 

liquid nitrogen remaining. The used tank is called tank 1, and the full tank is labeled tank 

2. Tank 1 starts with the moisture level of 40 ppb, which is the same as the initial moisture 

level in the delivery pipe. The flow from tank 2 has the initial moisture level of 20 ppb. 

Using 𝐶𝑖𝑛, obtained from the analysis of the pipe model, 𝐶𝑡(𝑡) is calculated using Equation 

(4.25). The calculated mixing function, 𝑏(𝑡), and the liquid volume in tanks are shown in 

Figures 4.7 and 4.8. The results show that at the end of 16 days, 𝑏 is nearly zero. The liquid 

volume in tank 2 drops from 30 m3 to 9.77 m3, which is close to the initial liquid volume 
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(9.65 m3) in tank 1. During this time, the liquid volume in tank 1 goes from 9.65 m3 to 0.80 

m3 after 16 days. Therefore, 16 days represents one cycle and the time for replacement of 

the exhaust tank. Around 97% of liquid nitrogen will be used after one cycle, which 

represents a much better usage efficiency than that from the conventional single tank 

configuration. 

 

 

Figure 4.7: Temporal profile of the mixing function, 𝒃(𝒕) 
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Figure 4.8: Temporal profiles of the liquid content of the two tanks 

 

4.3.3. Parametric Study of Temperature 

An important application of the methodology developed in this study is in 

parametric study for optimizing the operation of an existing system or designing a new 

system. Using the proposed approach, the analysis of a system over a wide range of 

configurations and operating conditions is relatively fast and inexpensive compared to 

running experiments on a physical set up. For example, to see the effect of temperature 

variations, three types of temperature amplitudes (10, 20, and 30 degrees centigrade) were 

compared, using the same temperature functionality given by Equation (4.27). The time 
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profiles of inlet concentration, 𝐶𝑖𝑛, mixing function, 𝑏(𝑡), and liquid volumes, 𝑉𝑙1 and 𝑉𝑙2 

are shown in Figures 4.9, 4.10, and 4.11, respectively. Results in Figure 4.9 show that a 

larger temperature variation results in a larger variation in the impurity concentration, 

primarily due to a larger effect of adsorption and desorption; it will also increase the extent 

of change in the mixing function, 𝑏(𝑡). 

 

 

Figure 4.9: Temporal profiles of 𝑪𝒊𝒏 under various temperature amplitudes 
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Figure 4.10: Temporal profiles of mixing function 𝒃(𝒕) under various temperature 

amplitudes 
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Figure 4.11: Temporal profiles of liquid content under various temperature 

amplitudes 

 

4.4 CASE STUDY OF FAILURE WORK 

Prior to applying tank-in-series model to solve the impurity concentration 

variations and drift at the POU, many different approaches have been tried in this project, 

including adding a filter to remove the impurity outlet concentration spike and using 

reverse boundary conditions in dispersion model. But all these approaches failed due to the 
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unacceptable outlet concentration variations or computational errors. This section will 

focus on use of filter to remove the outlet impurity concentration spikes. 

In this study, the pipe is assumed containing two sections: one section (section 1) 

with 100 meters is exposed to ambient environment, and the second section (section 2) is 

inside the fab with 10 meters in length. The temperature in section 1 starts from 298 K and 

its variations are ±15 K, the temperature in section 2 is kept constant at 298 K. Nitrogen is 

supplied from two tanks, and the mixed flow goes into the pipe, with a constant mixed 

concentration of 33 ppb using a designed mixing function b(t). The initial mixed 

concentration is 30.6 ppb in order to meet the tank initial concentration requirements, but 

it ramps to 33 ppb smoothly. The first objective of this study is to predict the outlet 

concentration under the circumstance that the second section of the pipe is in the fab. The 

dispersion model was used for the pipe behavior. Other key parameters used in this study 

is shown in Table 4.3. 

 

Table 4.3: Key parameters in case study 

Parameter Value Description 

Cg0 5.96 E-6 mol/m3 Initial impurity concentration in the pipe – gas phase 

Cs0 8.94 E-8 mol/m2 Initial adsorbed impurity concentration 

d 0.10 m Pipe diameter 
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Ea 5 kcal/mol Activation energy of adsorption 

Ed 30 kcal/mol Activation energy of desorption 

ka0 0.5 m3/(mol·s) Adsorption rate constant at 298 K 

kd0 0.005 1/s Desorption rate constant at 298 K 

S0 1.5 E-4 mol/m2 Surface site density in the pipe 

 

The temporal profiles of pipe inlet and outlet impurity concentrations are shown in 

Figure 4.12. There are large spikes in outlet concentration profile as a result of moisture 

desorption at high temperature. These spikes should be shaved off to minimize 

concentration variations.  
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Figure 4.12: Temporal profiles of inlet and outlet impurity concentrations _ 

COMSOL screenshot 

 

To shave off these spikes at the outlet concentration profile, in-line filter was used. 

In-line filter has large surface adsorption sites, and large surface area to volume ratio. It 

was designed to locate in the fab, right before pipe section 2 which connected pipe section 

1 and 2. At high temperature, impurities desorb in pipe section 1, they can be adsorbed in 

the filter due to large adsorption sites. In this way, the spikes can be avoided. In COMSOL 

program, the parameters of the filter were as followed: surface area to volume ratio was 
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assumed to be 600, adsorption rate constant was 50 m3/(mol·s), desorption rate constant 

was 5 E-4 1/s, the length was 0.1 m, and the diameter was the same as the pipe, which was 

0.1 m. The geometry of the entire pipe is shown in Figure 4.13. The parameters in pipe 

sections 1 and 2 were the same as listed in Table 4.3. 

 

 

Figure 4.13: Entire pipe geometry with filter added _ COMSOL screenshot 
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The temporal profiles of pipe inlet and outlet impurity concentrations are shown in 

Figure 4.14. When compared with spikes in Figure 4.12, the spikes become smaller, but 

they are removed. Even with larger surface area to volume ratio, larger adsorption rate 

constant and smaller desorption rate constant, the spikes still exist. As a conclusion, even 

when filter is added, it cannot handle the spikes issues, in other words, it cannot minimize 

the concentration variations at the POU. 

 

Figure 4.14: Temporal profiles of inlet and outlet impurity concentrations with filter 

added_ COMSOL screenshot 
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4.5 CONCLUSIONS 

Most semiconductor fabrication processes are very sensitive to impurities in purge 

and process gases. Therefore, maintaining a stable purity level in gas supply systems is of 

critical importance for this industry. Moisture is one of the most common and most 

problematic impurities in the ultra-high-purity gases. Most UHP gases are supplied from 

cryogenic storage tanks and transported to the point of use (POU) by pipelines that are 

exposed to ambient environment. This arrangement results in variations of moisture level 

delivered to the POU due to two primary factors: The first is the drift due to the phase 

segregation of impurities during liquid vaporization in the cryogenic tanks. Moisture in 

most cryogenic systems segregates favorably in the liquid phase. This tendency results in 

the retention and accumulation of moisture in the liquid phase and a gradual increase in the 

impurity in the gas delivered from these sources. The second factor is the variation of the 

impurity due to the adsorption and desorption on the surfaces of transport pipelines exposed 

to the varying outside temperature.  

In this study, a new approach is proposed and analyzed that will cancel the 

variations caused by both of these two factors. In this approach, the stability and high purity 

at the POU are achieved through controlled mixing of gases from two cryogenic tanks. The 

mixing ratio is a dynamic function of time that is found through the application of a process 

simulator developed in this work. The simulator includes both the system geometry and 

configuration as well as the operating conditions and variations of external factors such as 

the ambient temperature. The proposed approach is expected to result in significant savings 
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in the usage of gases. For example, compared to the conventional single-tank method, 

which can only use less than 80% of liquid nitrogen from a liquid nitrogen tank, the 

proposed method increases the liquid nitrogen utilization to over 90%. 

The formulation of the simulator is generally valid for most cryogenic gas supply 

systems. However, the continuation of this work should include application to the control 

of impurities in reactive gases such as moisture in ammonia, which is another key issue in 

the semiconductor fabs. 
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CHAPTER 5  

RECOMMENDATIONS AND FUTURE WORK 

Typical semiconductor processes are sensitive to impurities in UHP bulk and 

processes gases and require a stable and well-controlled purity level. Moisture, which is 

selected as the impurity compound in our research, is one of the most common and 

problematic impurities, due to its strong adsorption on various kinds of surfaces like 

stainless steel. It is very difficult to control moisture level variations at the POU because 

of two major factors:  

1) Drift due to moisture preferential accumulation in the liquid phase in the source 

tank; 

2) Changes due to adsorption / desorption on pipes and flow control devices, as 

well as variations in flow rate and pipes surrounding temperature. 

In our research, both factors are dealt with carefully and are solved. The solutions 

are: 

1) For moisture drift in the tank, a tank model was developed, which contains two 

tanks at the point of source instead of conventional single tank system. By introducing a 

mixing function b(t), defined as the ratio of flow rate from tank 1 to the overall flow rates, 

a steady (constant) mixed concentration can be obtained. And by proper tanks switching, 

such constant mixed concentration can always be maintained. 
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2) For the moisture level variations due to adsorption and desorption in the delivery 

pipe, outlet concentration profiles were predicted using traditional dispersion model. 

Parametric study including tank size, flow rate, pipe length, and temperature swing were 

conducted to study the effect of these parameters on the outlet impurity concentration 

profiles. In the second phase of the pipe study, tank-in-series model was applied to resolve 

the moisture level variations at the POU. A physical pipe is represented by a series of tanks 

and dispersion term is represented by the number of tanks (or cells). Once the outlet purity 

requirement is known based on the production or process requirements, mixing function 

b(t) can be calculated from tank model and tank-in-series pipe model. Following the 

instructions of mixing function b(t), controlling flow rates of the two tanks and switching 

the tanks when the liquid contents no longer meets the mixing requirement, a stabilized 

and well-controlled purity level can be achieved.  

An associate control system was also designed to mitigate impurity level variations 

at the POU, as shown in Figure 3.1.   The system, chosen to illustrate the method, consists 

of two cryogenic tanks, two mass flow controllers (MFC), a gas delivery system, a real-

time sensor for on-line measurement of impurities, and the auxiliary electronics for running 

the process simulator, data acquisition, and MFCs programing and control. The flow 

streams from the two tanks are controlled by two MFCs, then mixed and transported to the 

POU through a transport pipeline. The impurity level at the POU is monitored by an online 

sensor. The process simulator provides input to the MFC controller unit that adjusts the 

flow out of each MFC. Overall, the set-up provides a dynamic flow-mixing scheme run by 
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the output from the process simulator. The system properties, operating conditions and 

purity requirements are all inputs to the process simulator. 

Two recommendations can be suggested as the future work of this research: 

1) The control system and mixing function b(t) should be suggested to industry as 

the solution to impurity level variations issue at the POU. After constructing such system 

in the fab and UHP gas delivery facilities, system properties such as pipe geometry, tank 

geometry, adsorption / desorption rate constants, and surface adsorption sites, process 

requirements such as the flow rate, and POU purity concentration, and ambient 

environment conditions like temperature change should be entered as an input to the 

process simulator. Engineers and operators can change the flow rate following calculated 

mixing function b(t), and measure the actual impurity concentration at the POU to check if 

the actual concentration equals or close to the setpoint of POU concentration. All these 

validation work should be done in the semiconductor fabrication facilities, with the 

assistance of the industry. 

2) The solutions we come up with are generic, they are not limited to moisture and 

nitrogen, and they can be applied to other impurities and main compounds as well, for 

instance, ammonia and moisture system. However, as mentioned in the previous sections, 

the reason nitrogen was selected, as the main compound in our research is that its most 

properties to be used in the models are already studied. When studying other systems, the 

properties such as the diffusion coefficient must be experimentally measured and validated. 

Such experiments can be conducted in the lab. 
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APPENDIX A - NOMENCLATURE AND ABBREVIATIONS 
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Nomenclature 

𝛼: ratio of liquid nitrogen density to vapor nitrogen density 

𝜌𝑔: vapor nitrogen density at equilibrium temperature, kg/m3 

𝜌𝑙: liquid nitrogen density at equilibrium temperature, kg/m3 

𝐴: Antoine equation constant 

𝑏(𝑡): mixing function 

𝐵: Antoine equation constant 

𝐶: Antoine equation constant 

𝐶0: initial gas phase concentration in the pipeline, mol/m3 

𝐶1: integration factor in Chapter 3 

𝐶1: outlet impurity concentration of the first cell in Chapter 4, mol/m3 

𝐶𝑓−1: inlet impurity concentration of the last cell, mol/m3 

𝐶𝑓: outlet impurity concentration of the last cell, mol/m3 

𝐶𝑔: moisture concentration of the vapor phase in the pipe, mol/m3 

𝐶𝑔𝑖𝑛: inlet moisture concentration of the pipe, mol/m3 

𝐶𝑔0: initial moisture concentration of the vapor phase in the pipe, mol/m3 

𝐶𝑖−1: inlet impurity concentration of cell 𝑖, mol/m3  
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𝐶𝑖: outlet impurity concentration of cell 𝑖, mol/m3 

𝐶𝑖𝑛: inlet impurity concentration of the first cell, mol/m3 

𝐶𝑙: moisture concentration of the liquid phase in the tank, mol/m3 

𝐶𝑙1: impurity concentration of the liquid phase in tank 1, mol/m3 

𝐶𝑜𝑢𝑡: outlet moisture concentration, ppb 

𝐶𝑠: moisture concentration on pipe wall, mol/m2 

𝐶𝑠0: initial adsorbed concentration, mol/m2 

𝐶𝑠1: adsorbed concentration in the first cell, mol/m2 

𝐶𝑠𝑓: adsorbed concentration in the last cell, mol/m2 

𝐶𝑠𝑖: adsorbed concentration in cell 𝑖, mol/m2 

𝐶𝑡: moisture concentration of the vapor phase in the tank in Chapter 3, mol/m3 

𝐶𝑡: mixed concentration in chapter 4, mol/m3 

𝐶𝑡0: initial moisture concentration of the vapor phase in the tank, mol/m3 

𝐶𝑡1: impurity concentration of the vapor phase in tank 1, mol/m3 

𝐶𝑡10: initial impurity concentration of the vapor phase in tank 1, mol/m3 

𝐶𝑡2: impurity concentration of the vapor phase in tank 2, mol/m3 

𝐶𝑡20: initial impurity concentration of the vapor phase in tank 2, mol/m3 
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𝑑: pipe diameter, m 

𝐷𝑒: effective dispersion coefficient, m2/s 

𝐷𝑚: molecular diffusivity of moisture in the bulk nitrogen gas, m2/s 

𝐸𝑎: activation energy for the adsorption, J/mol 

𝐸𝑑: activation energy for the desorption, J/mol 

𝑓: percentage mass of nitrogen used in the tank 

𝐻: Henry’s law constant 

𝑘𝑎: adsorption rate constant, m3/mol·s 

𝑘𝑎0: adsorption rate constant at 298 K, m3/mol·s 

𝑘𝑑: desorption rate constant, 1/s 

𝑘𝑑0: desorption rate constant at 298 K, 1/s  

𝐿: total length of the pipe, m 

𝑀: total amount of moisture in the tank, mol 

𝑀1: total amount of impurity in tank 1, mol 

𝑚0: initial mass of all the nitrogen in the tank, kg 

𝑃: vapor pressure, Pa 

𝑄: withdrawn flow rate, m3/s 
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𝑄1 : flow rate from tank 1, m3/s 

𝑄ℎ: high flow rate in a flow cycle, m3/s 

𝑄𝑙: low flow rate in a flow cycle, m3/s 

𝑅: gas constant, J/mol·K 

𝑆: surface area of each cell, m2 

𝑆0: site density of surface adsorption, mol/m2 

𝑡: time, s 

𝑡ℎ: running time for high flow rate, min 

𝑡𝑙: running time for low flow rate, min 

𝑇: temperature, K 

𝑇0: initial temperature in the pipe, K 

𝑇𝑎: ambient temperature in the pipe, K 

𝑇ℎ: high temperature in a temperature cycle, K 

𝑇𝑙: low temperature in a temperature cycle, K 

𝑇𝑡: equilibrium temperature in the tank, K 

𝑢: flow velocity, m/s 

𝑉: cell volume, m3 
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𝑉𝑔: gaseous nitrogen volume in the tank, m3 

𝑉𝑔0: initial gaseous nitrogen volume in the tank, m3 

𝑉𝑔1: gas phase volume in tank 1, m3 

𝑉𝑔10: initial gas volume in tank 1, m3 

𝑉𝑔2: gas phase volume in tank 2, m3 

𝑉𝑔20: initial gas volume in tank 2, m3 

𝑉𝑙: liquid nitrogen volume in the tank, m3 

𝑉𝑙0: initial liquid nitrogen volume in the tank, m3 

𝑉𝑙1: liquid phase volume in tank 1, m3 

𝑉𝑙2: liquid phase volume in tank 2, m3 

𝑉𝑡: total tank volume, m3 

𝑉𝑡1: total volume in tank 1, m3 

𝑥: pipe length variable, m 

𝑌𝑔: mole fraction of moisture in the vapor phase 

𝑌𝑔0: initial mole fraction of moisture in the vapor phase 

𝑌𝑔1: mole fraction of impurity in the vapor phase in tank 1 
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𝑌𝑙: mole fraction of moisture in the liquid phase 

𝑌𝑙1: mole fraction of impurity in the liquid phases in tank 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



111 

 

 

 

 

 

Abbreviations 

API: atmospheric pressure ionization 

APIMS: atmospheric pressure ionization mass spectroscopy 

CRDS: cavity ring down spectroscopy 

CVD: chemical vapor deposition 

CW: continuous wave 

FEM: Finite element method 

MFC: mass flow controller 

ODE: ordinary differential equation 

PDE: partial differential equation 

POU: point of use 

ppb: parts per billion 

ppm: parts per million 

ppt: parts per trillion 

UHP: ultra-high-purity 
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APPENDIX B - EXAMPLES OF FLUID DYNAMIC SIMULATIONS WITH 

COMSOL MULTIPHYSICS 
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COMSOL Multiphysics is a cross-platform finite element analysis, solver, and 

multiphysics simulation software. It was used as fluid dynamic simulations technology to 

simulate tank and pipe behavior and predict moisture concentration at the pipe outlet in 

Chapter 3 and Chapter 4. This step-by-step example below shows how to use COMSOL 

Multiphysics to solve the ODEs or PDEs in tank and pipe models in Chapter 3 as well as 

some principles of the mathematic methods. 

 

Step 1) Initial set-up and module selection 

 

 

 

After open COMSOL Multiphysics, select Model Wizard; select 1D in Select Space 

Dimension. 



114 

 

 

 

 

 

In Select Physics interface, select Mathematics » ODE and DAE Interfaces » Global 

ODEs and DAEs (ge), then add, this module is to solve equations in tank model; select 

Mathematics » PDE Interfaces » General Form PDE (g), and Chemical Species Transport 

» Transport of Diluted Species (tds), then add, these two modules are to solve equations in 

pipe model.  
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Click on Study for these added physics interfaces. 
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In Select Study interface, select General Studies » Time Dependent. 
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Step 2) Define and type parameters 

In Parameters section, type the name, expression, and description of each parameter, 

for instance, “L” is defined as the length of the main pipe, with an expression of 100 meters.  

 

 

 

Step 3) Build up geometry 

Right click on Geometry, select Interval, this function is to build up the geometry 

of the pipe. In Interval section, select Coordinates, and enter 0 and L in the table, then Build 

Selected, a pipe geometry will be built under Graphics interface. 
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Step 4) Define variables and functions 

Variables and functions can be defined under Component 1 » Definitions.  
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Various forms of functions can be found on the Functions menu, such as analytic, 

piecewise, step, and ramp. Take a piecewise function as an example, this piecewise 

function is to give an expression of the flow rate change in the pipe. The flow rate is a 

periodic form ranging from a high value to a low value to represent the on and off status 

of the point of use switch. The details of the settings are shown in the figure below. The 

relative size of the transition zone is defined as 0.05, this transition zone as well as the 

smooth end points can avoid some convergence errors.  
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Step 5) Settings in Global ODEs and DAEs 

Global ODEs and DAEs are used to solve tank model, which is a space-independent 

mathematic module. The formulations of this module are 

 𝑓(𝑢, 𝑢𝑡, 𝑢𝑡𝑡 , 𝑡) = 0, 𝑢(𝑡0) = 𝑢0, 𝑢𝑡(𝑡0) = 𝑢𝑡0.  

In order to solve the ODEs, the equations containing the first order or second order 

time derivatives of the variable u, initial value of the variable u, and initial value of the first 
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order time derivative of the variable u are required. Based on the nature of the ODEs, some 

requirements are optional.  

As discussed in Chapter 3, the two equations governing the moisture behaviors in 

the tank are: 

𝑑𝑉𝑔

𝑑𝑡
≈

𝑄

𝛼
 

𝛼

𝐻
𝑉𝑙

𝑑𝐶𝑡

𝑑𝑡
+ (𝑄 −

𝑄

𝐻
) 𝐶𝑡 = 0 

The settings regarding Vg and Ct are shown below, where Vg2 in the figure 

represents Vg in the equation, Vg20 is its initial value, Qt is the flow rate Q, and Ct2 

represents Ct. 
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Step 6) Settings in General Form PDEs 

This General Form PDEs, along with Transport of Diluted Species are used to solve 

the equations in pipe model. This module is to solve equation for surface concentration.  

𝜕𝐶𝑠

𝜕𝑡
= −𝑘𝑑𝐶𝑠 + 𝑘𝑎𝐶𝑔(𝑆0 − 𝐶𝑠) 
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Since it is also a mathematic module, the settings are similar to those described in 

Step 5). Enter the source term in the equation and the initial value for the variable. 
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Step 7) Settings in Transport of Diluted Species 

Transport of Diluted Species (tds) module can be used to calculate concentration 

field of a dilute solute in a solvent, which is the gas phase concentration of moisture as 

discussed in Chapter 3. 

𝜕𝐶𝑔

𝜕𝑡
+ 𝛻. (𝑢𝐶𝑔) = 𝛻. (𝐷𝑒𝛻𝐶𝑔) +

4

𝑑
[(𝑘𝑑𝐶𝑠 − 𝑘𝑎𝐶𝑔(𝑆0 − 𝐶𝑠))] 

Transport mechanism including convection, dispersion, and reactions can be solved 

in this module. Various boundary conditions can be found under tds module as shown in 

figure below. In this example, Inflow and Outflow boundary conditions are used. 
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In transport properties section, some basic properties like temperature, velocity 

field, and diffusion coefficient are needed, and convection term, dispersion term are 

included in this section. 
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Reaction term can be entered in Reactions section. 

 

 

 

Boundary conditions can be entered in Inflow and outflow sections. In Inflow 

section, Danckwerts BC is assumed, and no flux BC is assumed in Outflow section. Initial 

conditions are entered in Initial Values section. 

 

 

 

Step 8) Introduction to Mesh and solver and settings 
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a) Introduction to finite element method 

Physical problems can usually be expressed by partial differential equations (PDEs). 

Most PDEs cannot be solved with analytical solutions, and instead numerical methods can 

be applied to solve PDEs. The solutions to the numerical methods are the approximate 

solutions to the real PDEs. Finite element method (FEM) is used to compute these 

approximations. 

The principle of FEM can be explained as follows [34] 

𝑢 ≈ 𝑢ℎ 

and 

𝑢ℎ = ∑ 𝑢𝑖ψi

𝑖

 

where 𝑢 is the real value, 𝑢ℎ is the approximated value, ψi is the basis functions, 

and 𝑢𝑖  is the coefficients of the basis functions. The real value (solution) can be 

approximately expressed by a combination of basis function and its coefficient over each 

discrete element, which is illustrated below. Note that the step size of each element is not 

necessarily equivalent. 
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Figure B.1: The schematic of finite element method [35] 

 

b) Settings in time-dependent solver 

BDF method was first introduced by Curtiss and Hirschfelder in 1952 [36]. It is 

commonly used as a time-dependent solver in COMSOL, which uses backward differential 

formulas (BDF) with orders ranging from one to five. BDF methods usually provide 

accurate and stable solutions. However, when related to low-order methods, they can have 

severe damping effects. 

The basic settings in solver sections in COMSOL are shown below. The initial time 

step, the maximum and minimum BDF orders are required to select.  
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Step 9) Settings in results and plots 

After all the settings are done, enter the time range, and compute the equations in 

the selected modules by clicking on the “Compute” button under Study 1 » Step 1: Time-

Dependent Solver. 
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To display the results data that you are interested in, you can select a point (or a 

line) on the built geometry, and extract the data on such point to draw the plots. For instance, 

in this project, we are caring about the data points at the outlet of the pipe, so we are going 

to make a 1D cut point at the pipe outlet point by going to Results » Data Sets » Cut Point 

1D » Enter method: Coordinates » X: L (pipe length) » Plot. 
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Then, make 1D plot group by going to Results » 1D Plot Group. Under this 1D plot 

group, you can make the plots of selected variables at that cut point, which is the outlet 

point of the pipe in this example. Figure x shows the concentration profile at the pipe outlet 

in COMSOL user interface. 
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