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ABSTRACT

As compared to silicon oxide, porous low-k dielectric materials are more 

susceptible to molecular contaminants.  As the device feature size decreases, control of 

molecular contaminants in porous low-k dielectric films and in UHP gas delivery systems 

becomes increasingly more challenging.  Moisture was selected as the principal model 

contaminant in this research because the moisture impurity retained in the dielectric films 

not only increases the effective dielectric constant (k) value of the films but also degrades 

the reliability of the device.  Dry-down of moisture contaminated UHP systems takes 

days to weeks, which significantly decreases the process throughput.  

In this research, the fundamental interaction mechanisms of moisture with spin-on 

porous methylsilsesquioxane (p-MSQ) and Black Diamond IIx (BDIIx) dielectric films 

were investigated through isothermal challenge-purge processes at different exposure 

environments.  Mass spectrometers (APIMS and EIMS), and cavity ring-down 

spectroscopy were used to detect moisture concentration in the gas phase. The moisture 

concentration in the thin films was directly analyzed by Fourier transform infrared 

spectroscopy (FTIR).  Transmission Electron Microscope (TEM) micrographs were used 

to evaluate how patterning processes change the films.  Moisture solubility, impact of 

temperature and gas flow rate on moisture removal, and dynamics of moisture uptake and 

removal in the films were determined by experimental study.  

Two process models were developed.  The first one is capable of predicting the 

dynamic aspects of moisture adsorption and desorption in the films, and the second one is 

used to predict dry-down of moisture-contaminated gas delivery systems.  The 
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parameters in the models, such as moisture solubility and diffusivity in the films and rate 

constants of adsorption and desorption on the surface of the electro-polished stainless 

steel tube, were extracted through fitting these models to the experimental data.  The 

models can be used to optimize key operating conditions such as purge temperature, 

purge gas purity, and purge gas flow rate.  The models are also valuable tools for 

developing efficient contamination control strategies and process recipes for 

contamination removal in porous low-k dielectric films and for minimizing the gas usage 

in gas delivery systems.
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CHAPTER 1

RESEARCH BACKGROUND AND LITERATURE REVIEW

1.1 THE SEMICONDUCTOR INDUSTRY AND SILICON TECHNOLOGY

1.1.1 The Development History of the Semiconductor Industry

The semiconductor is a critical component in the electronics industry and for the 

global economy. The term semiconductor refers to a class of material with electrical 

properties between conductors and insulators.  In the electronics industry, the term refers 

to an electronic device made from semiconductor material [1].  

The first transistor was invented and constructed on December 23rd, 1947 at Bell 

Laboratories by W.H. Brattain and J. Bardeen and announced to the press on July 1st, 

1948 [2].  The development of the transistor may conveniently be considered to have 

occurred in two phases.  First, the ten year period 1952-1962 encompassed the invention 

of the grown junction transistor to the advent of the planer process and was, therefore, a 

time of rapid technical transitions.  During this time a wide variety of methods of 

construction and improvements in important electrical parameters, such as reverse 

junction breakdown voltage, frequency response and power handling capacity, followed 

each other in rapid succession.  Secondly, the planar technology established the basis for 

the development and manufacture of the integrated circuit.  In 1958, Jack Kilby of Texas 

Instruments conceived of and proved the viability of integrating a transistor with resistors 
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and capacitors on a single semiconductor chip.  This is also known as an integrated 

circuit (IC).  This invention provided the catalyst for further advances in the industry. 

The microprocessor is essentially the central processing unit (CPU) of a computer 

fabricated on a single silicon chip.  In 1971, the first microprocessor appeared: the 4004 

of Intel.  Its characteristics seem today to come from another age: a 4-bit microprocessor 

having 2300 transistors, a 10 μm PMOS technology, with a frequency of 108 kHz, 2 kbits 

of ROM and 320 bit of RAM, finally the chip had a surface of 3.5 mm2.  In 1972, the first 

scientific pocket calculator (HP 35) appeared on the market: it included only 4000 

transistors (10 μm technology).  In 1973, Intel Corporation invented the 8-bit 8080 model 

microprocessor, which led to the beginning of the personal computer industry.  In 1974, 

National Semiconductor introduced the 16 bit microprocessor and the 32 bit APX 432 

was launched by Intel in 1981.  The famous Motorola 68,000 microprocessor appeared in 

1979, owing its name to the fact that it had 68,000 transistors (3 μm technology).  Intel 

launched the 80286 microprocessor (surface of the chip = 68.7 mm2), functioning at a 

frequency of 10 MHz and having two metal levels (technology 1.5 μm).  Nearly twenty-

years later, in 2000, the Pentium 4 microprocessor integrated 42 million transistors 

(technology 0.18 μm).  Six levels of metal were necessary to contact these transistors and 

its frequency was 1.5 GHz, while the dimension of the chip reached 224 mm2 [2].

The PC evolution and growing demand to sort, analyze, and transmit data resulted 

in a rapid growth of the industry.  At the beginning of the 2000 millennium, the entire 

electronics industry exceeded $1 trillion in sales per year, and semiconductors comprised 

between $150 to $200 billion of those sales [3].  This industry has grown so large in part 
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because the progress in technology has allowed a continual increase in semiconductor 

performance while decreasing price.

1.1.2 Silicon-based Semiconductor Industry

Since very large scale integration (VLSI) technology is based almost exclusively 

on silicon, silicon is currently the most important semiconductor for the electronics 

industry. Germanium (Ge) was the original semiconductor material used to fabricate 

diodes and transistors.  However, the narrow band gap of Ge (0.66 eV), causes reverse-

biased p-n junctions in Ge to exhibit relatively large leakage currents.  This limits Ge 

device operation to a temperature below about 100 °C.  In addition, the planner 

processing must be capable of fabricating a passivation layer on the semiconductor 

surface.  Germanium Oxide (GeO2) could act as such a layer but it is difficult to form 

and, in addition, it dissociates at 800 °C.  These limitations make Ge an inferior material 

for the fabrication of integrated circuits as compared to silicon, which has a large 

bandgap (1.1 eV) resulting in smaller leakage currents and thereby allowing silicon 

devices to be built with a maximum operating temperature of about 150 °C.  The oxide of 

silicon, SiO2, is also easy to form and is chemically stable (up to over 1500 °C ).  SiO2

has mechanical properties similar to silicon, which allows high-temperature processing 

without excessive wafer warpage.  Finally electronic grade silicon is about one tenth as 

costly as germanium [4].  As a result of these advantages, Si has almost completely 

replaced Ge for fabricating microelectronic components.
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1.1.3 Moore’s Law and the Continuing Growth of the Semiconductor Industry

The first ICs (early 1960s) had only a few interconnected-transistors. Soon, it was 

learned how to make the devices smaller (scaling the transistors), thus enabling ICs with 

more integrated components to be built.  The levels of integration were classified roughly 

as follows (see Table 1.1).  The first generation of ICs was grouped under the term small-

scale-integration (SSI), with 2 to 100 components on these ICs. The next level of 

integration (1965-1975), referred to as MSI, or medium-scale-integration, supported 100 

to 10,000 components.  Then came large-scale-integration, or LSI, which contained 

10,000 to 500,000 transistors (1975-1985).  Eventually, very-large-scale-integration 

(VLSI) was achieved (1985-1995), with the capacity for 500,000 to 5,000,000 

components.  Finally, in about 1995, ultra-large-scale-integration (ULSI) was reached, in 

which more than 5,000,000 devices could be placed on a single chip [3].

This growth in the number of components on a chip was foreseen by Gordon 

Moore.  In 1965 he predicted that the number of transistors on a chip would roughly 

double every 18 months; this prediction, known as Moore’s Law, is shown in Fig.1.1 [5].  

It shows that Moore’s Law (the top curve in the figure) has been surprisingly accurate for 

more than 30 years. 
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Figure 1.1: Moore’s Law (number of transistors per die as a function of time)

In addition to the device downsizing, the IC manufacturing methodologies have 

changed a great deal during the past four decades.  A readily visualizable change is the 

wafer size.  The diameter of the early wafer was 50 mm and the latest is 300 mm, 

representing a 36 times increase in the chip area.  The throughput is further enhanced 

with the downsizing, improved yield and the use of fully automatic high-precision 

machines and a super clean environment.  Thus, the per-transistor and per-function cost

have been reduced significantly [6].
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1.2 CHALLENGES FOR THE SEMICONDUCTOR INDUSTRY

1.2.1 The Limits of Downsizing   

The latest prediction for the scaling limit is 10 nm because of several reasons, 

such as direct-tunneling between the source and drain.  This was proven not to be the 

case with the experimental confirmation of proper functioning at a 5 nm gate length 

MOSFETs [7].  

It is very difficult to predict the exact scaling limit, however most people feel that 

it is currently becoming closer to the limit.  The ultimate limit of scaling is the distance of 

atoms in silicon crystals, which is about 0.3 nm, as depicted in Fig. 1.2 [7].  Note that the 

dimension of the 5 nm transistor is only 18 times this limit.  In the ultimate atomic 

dimension, one might expect some signal modulation effect through such a single atomic 

size gate electrode, but the modulated signal should be too weak to be transferred to 

another node.  However, there is no practical solution at this moment for the 

interconnects to contact such small atomic nodes.

Without new technology, further downscaling may only result in performance 

degradation.  Performance enhancement can be achieved and further downscaling may be 

processed with the introduction of new technologies and materials [8].
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Figure 1.2: Downscaling trend (solid: past; dashed: prediction)

1.2.2 Challenges of Manufacturing

Mainly, for the 45 nm technology and beyond, the technical challenges of 

manufacturing fall at least within the four categories below:

(1) New photolithography tools are required to pattern such structures.

(2) In order to suppress the direct tunneling leakage current through the ultrathin 

gate insulator, high-k materials need to be introduced with the combination of metal 

electrodes.  However, several problems, such as, thermal instability of the materials, poor 

interface properties with silicon, forming interface silicate layers, channel mobility 

degradation, high interface and oxide trap densities and susceptibility to molecular 

contamination have to be resolved. [9-12].
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(3) Successful Integration of low-k dielectric materials.  Since low-k material is 

one the main research topics of this work, more discussion will be covered later.

(4) Difficulty in contamination control, including particles generation during 

semiconductor manufacturing processes, particles or impurities in wet chemicals and 

reactant gases or purge gases.  This problem will be discussed in detail in the following 

sections.

1.3 SEMICONDUCTOR FABRICATION

Microprocessors are built in layers on a silicon wafer through various processes 

using chemicals, gases, and light.  Roughly 20 layers are connected to form the 

microprocessor's circuitry in a three-dimensional structure. The exact number of layers 

on a wafer depends on the design of the microprocessor.  Making microprocessors is 

much more complex, demanding more than 250 steps [13].

Figure 1.3 represents a general process flow diagram for semiconductor 

manufacturing [1].  This complex process requires over 400 individual process steps to 

make the finished goods device.  The overall process is divided into two sections: the 

front end and the back end.

The front end refers to the Wafer Fabrication Section of Figure 1.3.  The silicon 

wafer is produced, sliced, and polished.  The process requires a clean room environment 

because microscopic particulate contamination results in product performance failure of 

the chip.  The cut wafer then has an ultrapure crystalline silicon layer grown on its 

surface for the epitaxy step of the process.  The wafer is then cycled through the 
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remaining steps shown in the wafer fabrication section of Fig. 1.3.  These steps are 

repeated, essentially making a process loop that is repeated up to 24 times per device.  

Each loop puts a layer down on the device and includes photolithography, etch, strip 

(ash), diffusion, ion implantation, deposition, and chemical mechanical planarization 

(CMP) [3, 14].  

Figure 1.3: A general process flow diagram for semiconductor manufacturing

Various inspections and measurements are performed at each step to monitor and 

control the process [15, 16].  The back end refers to the Test, Assembly, and Packaging 

Section of Fig. 1.3.  The finished wafer is tested for defects and diced (cut into individual 

devices or dies).  The die bonder separates good dies off the carrier and bonds them to a 
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package.  The package is then moved to the wire bonder.  Fine gold or aluminum wire is 

bonded between bond pads on the die and leads on the package.  This creates the 

electrical connection for the device to function.  An alternate technology, called the flip 

chip, eliminates the need for wire bonding by bumping the die to make connections to the 

package.  The bonded die and frame are sealed in the encapsulation step.  The final step 

consists of testing the chips for full functionality and under specified environmental 

conditions as a last check before completing the finished good.

1.4 DIELECTRICS

As mentioned in 1.1.2, the core of a microelectronic device is the semiconductor 

material, that is, silicon.  The transistors and other active parts of the semiconductor are 

connected by horizontal and vertical conducting segments, mostly metallic (doped poly-

Si is also used), that serves as the gate metallization, contacts, and metal interconnects 

that may consist of an adhesion promoter/diffusion barrier under and over the main 

current carrier metal, as illustrated in Fig. 1.4 [17]. 

Advanced microprocessors may consist of close to 10 levels of metallization, see 

Figure 1.5. 

The third-component of a device consists of the dielectric layers.  These layers 

can be divided into three groups according to their function: 

(1) the active dielectric layers;

(2) the layers needed mainly during device processing; 

(3) the insulating layers.
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Figure 1.4: Schematic drawing of a CMOS device

The first group consists of dielectric films that play an active role in device 

operation, mainly for the storage of charges.  These are the gate oxide and the capacitor 

dielectric in memory devices.  The second group consists of dielectric films that are 

needed during device processing, such as, anti-reflection coatings (ARC) used for 

photolithography step, and etch stop layers used for etching processes and, more recently, 

during chemical mechanical planarization (CMP).  The third group of dielectric films 

utilized in microelectronic devices consists of insulating layers.  The isolation between 

two adjacent transistors is done by trench isolation (See Figure 1.5), and when isolation 

of the device from the ambient is needed, a dielectric material is used as a passivation 

cap.  The isolation between metal lines in the same level is carried out by an inter-metal 

dielectric, and that between two metal levels is performed by an interlevel dielectric.  
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Both types are usually called interlayer dielectrics (ILDs).  Silicon Dioxide has been the 

ideal dielectric for use in Si-based devices and circuits.  However, today its limitation for 

use as an ILD is mainly due to its high dielectric constant, about 4.

Figure 1.5: Schematic drawing of a microprocessor

1.5 RC DELAY AND LOW-K DIELECTRICS

1.5.1 RC Delay

Continuing improvement in device density and performance has significantly 

impacted the feature size and complexity of the wiring structure for on-chip 

interconnects.  In the past, the transistor gate delay, which is proportional to the size of 
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the transistor, limited the speed of logic devices.  As the minimum device dimensions 

reduce beyond 0.18 μm, the increase in propagation delay or interconnect signal delay, 

crosstalk noise, and power dissipation of the interconnect structure become limiting 

factors for ULSI of integrated circuits.  The interconnect signal delay, characterized by 

the resistance-capacitance (RC) time constant, can be explained by a simple model, 

which is shown below [17].

A model of the interconnects equivalent circuit is given in Figure 1.6, where P 

represents the line pitch, W the line width, S the line spacing, T the line thickness, and 

the ILD line thickness above and below is equal [17].  

The RC delay is given by:

)2222402 /TL/PL(ρkεRC 

(1.1)

Where ρ is the metal resistivity; ε0, the vacuum permittivity; k, the relative 

dielectric constant of the ILD, which is the measure of how easily a material is polarized 

in an external electric field, and, L, the line length.  The decrease in feature size results in 

a sharp increase in the RC delay time, which for devices smaller than 0.25 μm, controls 

the overall on-chip cycle time.  Therefore, in order to increase device speed, the lower 

resistivity Cu is replacing Al, and the current ILD, SiO2 will be replaced by other 

dielectrics with a lower dielectric constant (so-called low-k dielectric materials).  An 

additional reason for the search for the low-k dielectrics is the fact that power dissipation 

in a circuit is given by:
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fCVdfp 2)
2

1
(

(1.2)

Where C is the total on-capacitance, V the supply voltage, f the operational 

frequency, and fd the fraction of gates that switch during a clock period.  Reducing k, thus 

C, will reduce the power dissipation and make circuits faster, and, hence, more portable.

Figure 1.6: RC delay and low-k dielectric materials

1.5.2 Low-k Dielectrics

The implementation of low-k dielectrics was identified as a key enabling 

technology for the development of on-chip interconnects in the 1994 National 

Technology Roadmap for Semiconductors.  While the need for low-k dielectrics for 

improving the performance and density of advanced interconnects is clear, progress in 

implementation of low-k materials has been slower than anticipated.  With the 

announcement of copper metallization in 1997, the implementation of low-k dielectrics 

was highlighted in the 1997 Technology Roadmap with a k of 2.5-3.0 to be implemented 
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for the 180-nm node in 1999.  This was not fulfilled until 2000 when IBM announced the 

development of Cu interconnects for the 130-nm node with SiLKTM, a low-k dielectric 

material developed by the Dow Chemical Company with a k of about 2.7 [18].  The 

International Technology Roadmap for Semiconductors (ITRS, 2007 Version) 

commented that the industry transition to low-k (defined roughly as those having bulk k ≤ 

3.0) materials has taken longer than any prior roadmap has forecasted.  In the 2005 

version of the ITRS Roadmap (as shown in Table 1.1 (a)), by the year 2013, the interlevel 

metal insulator- bulk dielectric constant should be less than 2.0, while, in the latest 2007 

version, this value was modified as 1.9 - 2.3 (as shown in Table 1.1(b)).

The delay in implementation of the low-k ILD can be largely attributed to the 

many challenges associated with the integration of these new materials into the dual-

damascene Cu interconnect structures.  A particularly difficult challenge has been 

obtaining the combination of a low dielectric constant and good thermal and mechanical 

properties in comparison to SiO2, which will be shown in details in the following 

sections.

1.5.3 How to Achieve a Low and Ultra-low Dielectric Constant Value

In order to reduce the k value relative to that of SiO2, it is necessary either to 

incorporate atoms and bonds that have a lower polarizability, or else to lower the density 

of atoms and bonds in the material, or both.  With regard to the first effect, there are 

several components to the polarizability that must be minimized in reducing the dielectric 

constant. The polarization components usually considered are the electronic, atomic, and 
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orientational responses of the material.  The latter two components constitute the nuclear 

response and are important at lower frequencies (<1013 s-1), while the electronic response 

dominates at higher frequencies.  At typical device operating frequencies, currently <109

s-1, all three components contribute to the dielectric constant and should be minimized for 

optimum performance [19].

Some typical electronic polarizabilities and the associated bond enthalpies are 

shown in Table 1.2 [20, 21].  The data indicate that single C-C and C-F bonds are among 

those having the lowest electronic polarizability, thus making fluorinated and 

nonfluorinated aliphatic hydrocarbons potential candidates for low-k applications.  

Incorporation of fluorine atoms is particularly effective in lowering the polarizability [22] 

owing to their high electronegativity, which leads to tight binding of electrons. 

Conversely, the electronic polarizability is high for materials having less tightly 

bound electrons.  For example, materials containing a large number of carbon double and 

triple bonds can be expected to have a large polarization due to the increased mobility of 

the π electrons.  Conjugated carbon double bonds in aromatic structures are a common 

source of extensive electron delocalization leading to high electronic polarizability.  

Note, however, that there is a tradeoff in achieving a low dielectric constant and a high 

bond strength, as the low polarizability single bonds are among the weakest, whereas the 

double and triple bonding configurations have much higher bond enthalpies [19]. 
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Table 1.1: ITRS forecast for k-value of interlevel metal insulator

(a: 2005 version; b: 2007 version)

(a)

(b)
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Table 1.2: Electronic polarizability and bond enthalpies

Table 1.3 shows the high-frequency electronic response, obtained from the optical 

index at 633 nm, and the total low-frequency k value at 1 MHz for a number of proposed 

low-k dielectrics. The difference in the two measurements represents the nuclear 

components to the dielectric constant. The data indicate that for many low-k materials 

under consideration, the nuclear components are small relative to the electronic part of 

the response. In contrast, SiO2 has a large nuclear component, mainly due to the strong 

atomic polarization. 

Bond Polarizability  (Å3) Average bond energy  (Kcal/mole)

C–C 0.531 83

C–F 0.555 116

C–O 0.584 84

C–H 0.652 99

O–H 0.706 102

C=O 1.020 176

C=C 1.643 146

C≡C 2.036 200

C≡N 2.239 213
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Table 1.3: Dielectric properties of low-k materials

The dielectric constant is determined not only by the type of atoms and bonds, but 

also by the atom and bond densities.  The dielectric constant of any material can be 

reduced by decreasing the density.  The density can be lowered by using lighter atoms 

and/or by incorporating more free space around the atoms.  For example, the lower 

dielectric constant of organic polymers relative to SiO2 is partly due to the lighter C and 

H atoms versus Si and O, and to the low-packing density of most polymer chains relative 

to the cross-linked silica network.  Likewise, the incorporation of light, space-occupying 

Material nin nout kout nout
2 Δ = k-nout

2

PTFE 1.350 1.340 1.92 1.796 0.12

BPDA-PDA 1.839 1.617 3.12 2.615 0.50

PMDA-TFMOB-6FDA-PDA 1.670 1.518 2.65 2.304 0.35

PAE #1 1.676 1.669 3.00 2.787 0.11

FLARE #2 1.671 1.672 2.80 2.796 0.00

BCB™ 1.554 1.554 2.65 2.415 0.24

SiLK™ 1.630 1.624 2.65 2.637 0.01

MSQ/HSQ hybrid 1.374 1.373 2.52 1.886 0.63

Parylene-F 1.595 1.427 2.18 2.036 0.14

Parylene-N 1.687 1.570 2.58 2.465 0.12

SiO2 1.47 1.47 4.0 2.16 1.8
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groups such as H or CH3 into the silica network can significantly lower the material 

density, and therefore the dielectric constant, of materials such as spin-on glasses (SOG) 

relative to dense oxide.

Introduction of nanometer-sized pores into the material is a natural extension of 

this strategy to increase the free space and decrease the material density.  The effect of 

porosity on dielectric constant can be predicted using a simple model, such as the 

Bruggeman effective medium approximation [23, 24]: 
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where f1,2 represents the fraction of the two components, k1,2 the dielectric constant of the 

components, and ke is the effective dielectric constant of the material. The model assumes 

two components to the film: the solid wall material and voids.  Fig. 1.7 shows the 

dielectric constant as a function of porosity predicted by the model for SiO2 (k = 4.0) and 

for a lower k = 2.8 wall material.  The plots show that the k value decreases slightly 

faster than linearly.  Although the model is simple, the predicted results appear to be in 

reasonable agreement with experimental measurements on methyl silsesquioxane [18] 

and oxide porous films. Differences between the theoretical prediction and experimental 

results are likely related to surface chemistry, such as the presence of terminating OH 

groups and adsorbed water, and to the pore geometries.  

One point demonstrated in Figure 1.7 is that to obtain a given k value, 

significantly less porosity would have to be incorporated into the lower k material than 
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into the SiO2.  For example, to get to k = 2.0, about 55% porosity would be needed in an 

oxide material, whereas only 35% would be needed in the lower k material.  Since a 

high percentage porosity in the film can be expected to give rise to a number of reliability 

concerns, there is a definite advantage in using a lower k starting material to minimize the 

amount of porosity needed.

1.5.4 Types of Low-k Dielectrics

Table 1.4 provides a list of industry recognized dielectric material candidates for 

the 130 nm and beyond technology nodes [25].

The first generation of low-k materials were fluorinated silicates glasses (FSG), in 

which the Si-O bonds are replaced with less polarizable Si-F bonds.  The films have the 

general formula FxSiOy.  These ILD materials have a limit of k ~3.6 as a result of 

chemical instability when F exceeds 5 atom %, but were commonly used for the 180 nm 

and 130 nm nodes.  FSG integration is challenged by moisture sensitivity, lack of 

adhesion, and corrosion when mobile fluorine reacts with refractory metal barriers (Ti-

and Ta-based) [26]. 
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Figure 1.7: Bruggeman's effective medium approximation showing dielectric constant 

versus porosity for oxide and a low-k material

The next generation of low-k ILD materials has been organosilica glasses (OSG) 

or carbon-containing variants of SiO2 that incorporate terminal Si-H or Si-R (where R is 

an organic group such as CH3) into a silica network, yielding k ~2.7-3.0 [27, 28].  These 

so-called carbon-doped silicas are often designated as SiCOH. OSGs have a lower k in 

part because of a lower density compared to SiO2.  The organic groups break up the Si-O-

Si network and occupy a larger volume, and replace Si-O bonds with less polarizable Si-

C bonds [26]. 
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Table 1.4: Dielectric materials for the 130 nm and beyond technology nodes

Materials Application k value

SiO2 CVD 3.9 – 4.2

Fluorosilicate glass (FSG) CVD 3.2 – 4.0

Polyimides Spin-on 3.1 – 3.4

Hydrogen silsesquioxane(HSQ) Spin-on 2.9 – 3.2

Diamond-like Carbon (DLC) CVD 2.7 – 3.4

Black Diamond (SiCOH) CVD 2.7 – 3.3

Parylene-N CVD 2.7

B-staged Polymers (CYCLOTENE and SiLK) Spin-on 2.6 – 2.7

Fluorinated Polyimides Spin-on 2.5 – 2.9

Methyl silsesquioxane(MSQ) Spin-on 2.6 – 2.8

Poly(arylene ether) (PAE) Spin-on 2.6 – 2.8

Fluorinated DLC CVD 2.4 – 2.8

Parylene-F CVD 2.4 – 2.5

PTFE Spin-on 1.9

Aerogels/Xerogels (porous silica) Spin-on 1.1 – 2.2

Porous HSQ Spin-on 1.7 – 2.2

Porous SiLK Spin-on 1.5 – 2.0

Porous PAE Spin-on 1.8 – 2.2

Porous Black Diamond II CVD 2.1-2.6
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Figure 1.8: The chemical structures of HSQ

(Top; Ladder Structure: Below: Cage Structure)

OSGs are based on silsesquioxane precursors, which have empirical formula 

RSiO3/2; every silicon atom is linked to three oxygen atoms and every oxygen atom is 

linked to two silicon atoms.  Hydrogen silsesquioxane (HSQ) results when R=H, and 

methyl silsesquioxane (MSQ) when R=CH3, and so on.  HSQ materials can be ladder or 

cage-like, but are thermally unstable >400 ºC because of oxidation of the Si-H bonds to 
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Si-O.  MSQ is thermally stable >500 ºC in an inert atmosphere [29].  The chemical 

structures of HSQ are shown in Figure 1.8 (If H is replaced by methyl group CH3, then 

the structure becomes that of MSQ) [25]. 

CVD OSGs are the main candidates for the 90 nm node. Commercially, the most 

common CVD OSG materials are Aurora™ (k = 2.9, ASM), Black Diamond™ (k = 2.0-

3.0, Applied Materials), and Coral™ (k = 2.85, Novellus), and are typically deposited by 

plasma-enhanced CVD (PECVD). Rohm and Haas has recently demonstrated a spin-on 

MSSQ film, Zirkon, having k = 2.5, for the 45 nm node. There are also many organic 

polymer low-k materials in development as ILD materials [30]. These have an inherently 

low k because of the low polarizability of the bonds and the light elements involved, but 

generally suffer from problems with thermal and mechanical stability. Polymers include 

fluorinated polymers, such as PTFE (k = 2.2), and aromatic polymers, such as SiLK™ (k 

= 2.65, Dow Chemicals). Organic polymers can have the advantage of deposition by 

CVD [19].  However, it’s difficult to further decrease their k-value by only changing the 

chemical structure and/or chemical composition.  Since the k value of air is almost 1, 

there has been much interest in the fabrication of porous materials in order to reach ultra-

low-k values (< 2.0).  This was the original ideal for generating porous low-k dielectric 

films.

1.5.5 Porous Low-k Dielectrics

Figure 1.9 shows the dependence of the effective dielectric constant of porous 

MSQ on film porosity (curve shows the Bruggeman Effective Medium Approximation) 
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[18].  As this figure shows, the dielectric constant scales are approximately linear for 

small percentages of porosity, following closely Bruggeman’s Effective Medium 

Approximation.  At this time, most of these materials are not as well-developed as the 

fully dense dielectrics.  Thin porous films are generally made in one of two ways: either 

through direct construction of a porous network, or indirectly by depositing a composite 

film, a component of which is later removed.  The first type of material is often produced 

by a gel process in solution that includes the aerogel and xerogel porous silica films, 

which have traditionally been dried either supercritically or by evaporation.  Preventing 

collapse of the porous network due to capillary forces during drying is a key for these 

films.

There are several possibilities using the indirect methods [31].  For example, one 

can incorporate a surfactant or dendritic [32] structure as a thermally degradable 

template, or with porogen, build what will become the porous film around the template.  

Subsequent heating leads to porogen decomposition and diffusion out of the matrix. 

Under optimum processing conditions, a porous network results where the pore size 

directly correlates with the porogen morphology.  This approach is applicable to a wide 

range of materials, both inorganic and organic, and to a range of porogen structures.  For 

example, porous silsesquioxane, such as, DendriGlassTM, is based on the blending of 

organosilicates, such as phenylsilsequioxane, with a polymeric porogen [18].  
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Figure 1.9: Porosity dependence of dielectric constant

1.5.6 Deposition of Low-k Films

There are primarily two methods of deposition of low-k or porous low-k films: 

spin-on and chemical vapor deposition (CVD).  Both the deposition techniques have their 

pros and cons and the debate between which of the two techniques is best suitable for 

future technology has not yet been settled [33].  

The dielectric precursors for spin-on deposition are mainly made of a polymer 

matrix mixed with solvent along with adhesion promoters and sacrificial materials (in 

order to make porous films).  There are several steps involved in spin coating: first the 

substrate on which the low-k film has to be coated is placed on the spinner and the 

precursors are poured onto the center of the substrate with the help of a nozzle.  The 

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

0 0.1 0.2 0.3 0.4 0.5 0.6

Porosity

D
ie

le
ct

ri
c 

C
on

st
an

t

Bruggeman EMA

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

0 0.1 0.2 0.3 0.4 0.5 0.6

Porosity

D
ie

le
ct

ri
c 

C
on

st
an

t

Bruggeman EMA



                                                                                                                             55

second step is to rotate the spinner to produce a uniform thin film on the substrate by the 

action of centrifugal force [34, 35].

The viscosity of the film, the spinning rate and the evaporation rate of the solvent 

determine the thickness and uniformity of the coated film. Following this, the coated 

film is baked at temperatures typically around 200 ºC to remove solvents.  If pores are 

desired then the film is further cured, either by heating to temperatures typically around 

400 ºC, or by using e-beam technology to remove organics and porogens.  Baking and 

curing steps result in the cross-linking of polymer chains which gives strength to the film.  

There are several low-k films available which use spin-on technology (see Table 1.3).  

Table 1.5 lists some of the pros and cons of spin-on [36].  

Chemical vapor deposition has widely gained importance in depositing thin films 

[37].  The CVD process is mainly done in a vacuum environment.  CVD involves 

thermodynamics, heat transfer, fluid mechanics, and kinetics as well as surface and 

plasma reactions.  In CVD, gases are introduced into the CVD chamber which reacts with 

the substrate to form the desired film.  Table 1.6 lists the pros and cons of CVD 

technology [38-39]. 
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Table 1.5: Features of spin-on low-k materials

Pros Cons

Evolutionary from photoresist Throughput may be an issue depending 

on cure time and level of control needed

No vacuum required Uniformity and step coverage not as 

good as CVD

Lower equipment cost High cost of chemicals

ESH issues

Table 1.6: Features of CVD low-k materials

Pros Cons

Evolutionary technology derived from 

SiO2

Vacuum needed 

Can produce uniform films Throughput may be an issue depending 

on cure time and level of control 

needed

Can effectively coat over severe 

topography

Degradation and decomposition 

happens when exposed to plasma

Solventless technology

It is important that the reaction-producing thin films should occur on the surface.  

If a gas phase reaction occurs then it may result in particulate formation which will create 
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defects in the deposited films.  There are several methods of CVD deposition such as 

APCVD, done at atmospheric pressure, LPCVD, done at low pressure and PECVD which 

is a plasma-enhanced CVD process.  Most of the low-k films are deposited using PECVD 

method. 

CVD-applied SiO2 has been a valuable dielectric for many years, and although a 

significant amount of CVD infrastructure exists, eventually spin-on may replace CVD as 

the process of choice. At this time, CVD materials and processes are not extendable to k 

values below 2 (see Table 1.4). Below 2, porosity is needed to create air gaps, and 

porosity cannot be introduced into CVD materials, as they aren't applied in the liquid 

phase. Nanoscale porosity can be imparted through the use of larger organic groups. 

Typically a methyl group (-CH3) is substituted for oxygen in SiO2, and the result is an 

overall "loosening" of the lattice, a reduction in film density, and a corresponding 

reduction in the k value. However, this does not lower k enough in comparison to spin-on 

solutions containing nanopores [25].

1.6 TECHNICAL CHALLENGES FOR INTEGRATION POROUS LOW-K 

DILECTRICS

1.6.1 Pore Size Distribution

There are a number of technical challenges for integration of porous low-k 

materials as ILDs.  One concern is the mechanical strength, since films with voids will 

undoubtedly be weaker than their fully dense analogs.  Another set of problems involves 



                                                                                                                             58

the size and distribution of the pores in these materials.  It is critical to the reliability that 

these parameters be carefully controlled and evaluated.  For instance, if pores are too 

large, feature sizes and shapes will not be well-defined during integration.  Also, if the 

pores aggregate together to form channels, the material may have a low breakdown 

voltage and poor mechanical strength and be prone to absorption of process chemicals.  

An ideal porous material would consist of a network of closed, small pores with narrow-

size distribution.  However, when the loading of pore generator is high, large and 

interconnected pores, so called ‘‘killer pores’’ may be generated, resulting in high current 

leakage and poor mechanical strength. Clearly, characterization and understanding of 

pore size and interconnectivity are important to optimize the design of porous materials 

[40].  Studies of highly porous bulk aerogel materials show that the Young’s modulus 

scales with at least the second or third power of the density [41, 42].  This reveals that the 

mechanical strength of ILD films will deteriorate very quickly as voids are introduced.

1.6.2 Thermal Stability

Another concern is poor thermal conductivity of porous low-k materials.  The 

candidate ILDs must have sufficient thermal stability to withstand the elevated 

processing temperatures.  Resistance to thermal decomposition is an important material 

property, both because decomposition usually severely degrades many of the dielectric's 

material properties and because outgassing of molecular fragments can cause other 

reliability problems, such as film delamination, blistering, and via poisoning. Stability 

with regard to decomposition can be increased by using strong individual chemical bonds 
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and by incorporating rings, crosslinking, and networked structures, so that multiple bonds 

have to be broken in order for molecular fragments to be released. Table 1.7 shows that 

the thermal conductivity deteriorates as the dielectric constant goes down [18].

1.6.3 Mechanical Stability 

Mechanical strength is another important requirement since a film’s inability to 

withstand stresses that occur during processing, may lead to a compromise of the 

structural integrity of the interconnect. For example, thermal stresses can lead to 

extrusion in the metal lines or buckling of overlying layers [19].  Additionally, CMP 

processes can severely damage films that do not have sufficient mechanical strength. The 

value of the elastic, or Young's, modulus (E) is often used as an indication of mechanical 

stability for low-k candidate materials. The Young's modulus of most organic and 

inorganic low-k candidate materials is at least an order of magnitude lower than that of 

standard SiO2 films prepared from TEOS (E 59 GPa) [43]. As a result, the mechanical 

reliability of these alternative dielectrics is an important integration concern.

In addition to the modulus, the film's thermal expansion coefficient (CTE) is also 

of importance, since most of the stresses that occur in the interconnect are thermally 

induced, resulting from CTE mismatches between various materials in the interconnect 

structure. For example, the CTE of SiO2 is 0.5 ppm/°C, Cu is 16.5 ppm/°C, Al is 23.1 

ppm/°C [44].  The CTE of many organic dielectrics is >50 ppm/°C, which can lead to 

high tensile stresses in the film following high temperature processes. It would be 
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desirable to minimize the thermal mismatches, especially for dielectrics with a low 

modulus, by using a low CTE dielectric.

Table 1.7: Thermal Conductivity and Dielectric constant of low-k materials

W/mK

The last main concern of porous low-k materials is their susceptibility to 

molecular contaminants originating either from ambient or from processes.  This portion 

will be discussed in the following section since this is one of the key research topics of 

this dissertation.

                                                  Thermal Conductivity

                 Dielectric Constant  Materials

            4.0 1.26
TEOS

3.2 0.22
Polymers: PMDA-ODA

          BPDA-PDA
          3.12 0.21

         PTFE-based         2.15 0.19

         BCB
         2.65 0.24

OSG         13%
2.69 0.34

         28%         2.64 0.20

          30%
2.60 0.21

2.36 0.22
Porous MSQ: Matrix I

Matrix II
2.23 0.22

Matrix III         2.39 0.26

Matrix IV
                 2.41 0.19
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1.7 SUSCEPTIBILTY TO CONTAMINATION

1.7.1 Moisture 

The k-value of water is as high as 80, trace amounts of moisture intrusion may 

dramatically raise the effective k-value of porous low-k films.  Many studies have 

reported that low-k materials are prone to moisture contamination [19, 25, 45-48].  

Though most of the absorbed moisture can be removed by annealing or baking at high 

temperatures within the range that the material can tolerate, a portion of chemisorbed 

moisture typically is hard to clean.  Furthermore, re-adsorption of moisture may take 

place once the clean samples are exposed to a moisture-rich environmental again [47].

Porous silica and p-TOES has strong affinity to water as compared to dense non-

porous SiLKTM and traditional SiO2.  The difference between the two groups differs by a 

factor as great as 5-10 [28]. Other studies have reported the moisture uptakes in 

Nanoglass™   K2.2-A10B and in TEOS oxide were as high as 2.9 (wt) and 3-4% (wt), 

respectively [19].  But Dow Chemical claimed that the maximum moisture uptake in 

SiLKTM at 80% RH is only 0.24% (wt) [46].

The existence of moisture in low-k film can cause serious problems since it 

degrades device reliability and deteriorates interface-adhesion properties between 

dielectrics and cap layers [49, 50].  Moisture-resistance is thus a reliability concern for 

the long-term stability of the IMD layers even after packaging.  Michelon et al. [51] 

reported that by eliminating moisture, the leakage current can be significantly decreased; 
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in addition, higher breakdown electric fields and longer dielectric lifetimes can be 

achieved.

There are a series of methods to inhibit moisture intrusion into low-k films.  For 

instance, Kumbhar et al.[50] carried out hotwire-generated atomic hydrogen to treat as 

cured HSQ films, and they found that exposure of these films to the hotwire- generated 

hydrogen enhances their resistance to moisture absorption and helps to reduce their 

leakage current by more than one order of magnitude without affecting the dielectric 

property.  T.C. Chang et al. [52] revealed that hydrogen plasma treatment passivates the 

HSQ surface and prevents HSQ from water uptake during photoresist stripping, and they 

explained that this occurs in such a way that the H2 plasma treatment provides hydrogen 

to passivate the HSQ and reduces the dangling-bond contents in HSQ.

Unfortunately, many spin-on dielectrics involve the use of solvents that may 

leave a residual contamination and pose environmental waste issues.

1.7.2 Other Contamination Sources

Apart from moisture, there are a variety of other contamination sources.  Such as 

copper that can diffuse into low-k films, volatile organic compounds in ambient or 

generated during lithography and porogen decomposition, and in cleaning chemicals.   

The low-resistance of porous low-k materials to Cu penetration typically requires a 

careful pore sealing and depositing a thin lateral diffusion barrier [53].  Metal 

contamination, which can compromise the device and provide a leakage path between 

lines, is often a problem for polymers synthesized using metal catalysts.  Organic 
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compounds trapped in low-k film also can cause severe problems.  Trace amounts of 

carbon residual (a conductive material) dramatically reduces the breakdown voltage of 

the dielectric film [54].

However, very few studies have been done on the topic of the interaction 

mechanisms between two or multiple impurities in low-k films.  Rana [55] and Raghu

[56] had extensively investigated the interactions between moisture and Isopropyl 

Alcohol (IPA), which is widely used as a solvent or drying agent in the microelectronic 

industry on surfaces of HfO2, ZrO2 and SiO2.  It turned out that the presence of pre-

adsorbed moisture accelerates the adsorption of IPA.  Since low-k materials are new, any 

knowledge of the interactions among their impurities is very limited so far.

1.7.3 Change of Low-k Film Due to Patterning (Etch and/or Ash) Processes 

As shown in section 1.4 of this chapter, the microchip-fabrication process 

includes more than 250 steps.  In the reactive ion etching (RIE) process, Fluorocarbon-

based gas chemistries react with the Si-CH3 bonds in the porous low-k to form CFX and 

some silicon-containing volatile byproducts.  In the subsequent O2-based photoresist strip 

(PRS) process, the CFX compounds decompose into volatile species, such as CO and 

CO2.  Typically as the O2 concentration in the PRS chemistry is increased, the CFX 

polymers are removed more efficiently.  Carbon depletion from the surface of the low-k 

dielectric leaves behind dandling-silicon bonds.  When these species come into contact 

with the moisture in ambient, Si-OH is formed.  This change in composition of the 



                                                                                                                             64

dielectric material leads to an increase in the dielectric constant of the material, often on 

the order of 0.5 or higher [57].

A vast amount of literature has reported that the fabrication processes may 

deteriorate the low-k films [58-63].  For example, A. Humber et al. [62] reported the 

changes of physical properties of surface modified PECVD SiOC(H) ultra-low films 

which had been exposed to different plasma treatments.  They found that He plasma 

treatment can prevent delamination between ultra-low-k and SiO2, without deteriorating 

the material integrity, and oxygen, NH3 and N2-diluted plasmas increase the dielectric 

constant and/or deteriorate the leakage current associated with carbon depletion and 

silanol formation.  Singh et al. [63] have shown that HSQ films are prone to damage 

when exposed to oxygen plasma, leading to the deterioration of the film properties, and 

that the H2 plasma treatment prevents the damage, which generally occurs during O2

plasma exposure. The Si–H bonds possess hydrophobic properties and thus the surface of 

the HSQ can be altered from a hydrophilic to a hydrophobic nature. This hydrophobic 

surface would also prevent moisture uptake, keeping the leakage current and the 

dielectric constant values intact.

C. F. Tsang et al. [64] treated CVD low k films A (Coral TM) and B (Black 

Diamondk TM) with etching and photo-resistant stripping (PRS) fluorocarbon plasma 

chemistry.  It has been observed that the C4F8/N2/Ar etching did not cause significant Si–

CH3/Si–O degradation when compared to PRS plasma treatments.  In general, forming 

gas recipes caused substantial –CH3 loss and surface C depletion of both films, especially 

for films treated with harsh processing conditions of high power/temperature.
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Figure 1.10: The effects of different etch chemistries on low-k film 

Different etch and ash reaction conditions may cause different effects on bulk 

low-k film.  Figure 1.9 shows the effects of different etch chemistries on depth-to-

undercut ratio.  All samples received the same hardmask open etch followed by a low-k 

etch.  The C4F8/Ar/N2 results (a and b in Figure 1.9) shows a depth-to-undercut ratio of 

5.8:1 (930 sec) and 8.1:1 (960 sec), respectively, vs. less damage for the non-

polymerizing CF4/O2/Ar chemistry (c and d in Figure 1.9), with a depth-to-undercut ratio 

of 4.0:1 (30 sec) and 3.3:1 (60 sec), respectively.  Comparing (a) and (b), or (c) and (d), 
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the changes in both the bulk low-k layer and sidewalls are not significant. All the samples 

are p-MSQ.  Figure 1.10 shows ashing in CF4/O2/Ar caused significant change in both 

the sidewall and bulk low-k film [65].  

Figure 1.11: The effects of different ash chemistries on low-k film

1.7.4 Pore Sealing and Diffusion Barrier Layer

Most porous ultra-low-k dielectrics have a highly interconnected pore structure

[66].  Due to this porous structure, liquid and/or gaseous species can easily fill the pores 

of the low-k matrix during various processing steps, such as dry ethching, wet cleaning 

and atomic layer deposition (ALD).  In order to prevent diffusion of the adventitious 

species into low-k film, it is necessary to seal the pores and deposit a thin continuous 

copper diffusion barrier layer on a porous dielectric film.  However, it is important that 
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sealing pores should not increase the effective k value as well as give good adhesion 

properties [67].

The sealing performance of a deposition process is dependent on the nature of the 

deposition process itself in combination with the morphological and chemical nature of 

the surface to be sealed.  From a sealing point of view, the pore structure of a low-k film 

can be classified in three main categories: only microporous, mesoporous, with 

microconnections and mesoporous with mesoconnections [68]. Some of the pore-sealing 

techniques are briefly outlined below:

(1) Pore sealing by thin film deposition

In this technique a thin layer of material that is metallic in nature is deposited.  

The effectiveness of sealing depends on the process of deposition and the porous 

structure of the surface to be sealed.  This process is useful for sealing the dielectric with 

micropores or mesopores [69].  Depending on the porous structure, a CVD or a PVD-

based barrier deposition process can show different sealing performances. 

(2) Pore sealing by plasma surface interaction or Surface Modification

In most cases both the chemical and physical action of plasmas leads to a 

densification of the low-k dielectric.  The densification with appropriate choice of plasma 

power can be confined into a few nm of the top layers of the constitutive microporous 

dielectric films [70].  It is important to control the plasma in order not to increase the 

effective dielectric constant. 

This way the k value of the films is not significantly affected; this newly formed 

densified ‘‘skin’’ layer can even be beneficial, since it acts as a protection or barrier to 
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further damage in the bulk of the film [70].  Pore sealing by the post-etch porogen burn-

out (PEBO) integration sequence

This technique uses the approach of creating mesoporosity after the dielectric has 

been patterned and etched, as opposed to a conventional approach where porosity is 

created before the etching process.  This is very useful as it helps in the reliability of the 

film [69].  

1.8 CONTAMINATION IN FABRICATION PROCESSES OF ULSI DEVICES

The semiconductor industry has always been concerned with producing and 

maintaining a UHP wafer-processing environment.  Contamination is known to affect 

device-performance, long-term reliability, and high yields, and this correlation is 

strengthened as device sizes keep shrinking [3, 71-74].  

There are three general categories of wafer-contamination [3]:

(1) Particles;

(2) Films;

(3) Traces-quantities of contaminants in molecular or atomic form

Sources of particles include silicon-dust, quartz-dust, and atmospheric-dust.  

Particles also originate from cleanroom-personnel and processing-equipment, lint, photo-

resistant “chunks”, and bacteria which can grow in an ultra-pure water (UPW) supply-

system.

There are three primary sources of process environment contamination: one is the 

impurities in the process materials as supplied. The second is the delivery system or the 
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process itself. The third is decomposition, which may be caused thermally or by reaction 

with adventitious contaminants, e.g., moisture.  These contamination sources are found 

throughout the pathway from the delivered gas or chemical to the wafer surface [8].

Addressing just one or a few sources of contamination is not sufficient to 

overcome this problem and an overall systemic approach to prevent contamination is 

required.  However, the contamination–prevention for particles and ionic contaminants 

due to wet chemistries is out of the scope of this research.  This study mainly focuses on 

the contamination caused during gas delivery and how to prevent this kind of 

contamination.  Among the numerous gaseous contaminants that can cause detrimental 

effects on device performance and reliability, moisture is one of the biggest concerns.  

For instance, in the case of silane, which is extensively used as a source of Si in CVD 

processes [3], one of the most difficult contaminants to control is moisture.  If moisture 

contaminates anhydrous silane during gas delivery, particles will form downstream of the 

filter because of silicon dioxide nuclei formation, which can be followed by nuclei 

condensing and particle formation in tubing and chambers and can adversely affect the 

quality of thin films [75]. 

1.9 CONTAMINATION IN UHP GAS DELIVERY SYSTEMS

The latest 2007 version of the ITRS roadmap [8] suggested that the total impurity 

concentration in bulk N2 should be less than 5 ppb.  This number of total impurities is not 

difficult to be achieved with current purification technology.  However, the key point is 
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how to maintain a stable and continuous supply at each point-of-use after a long distance 

(typically more than 1000 feet) of transportation from the tanks or cylinders.

The intrusion of tiny amounts of impurities into bulk gas, such as, a couple of 

parts-per-billion (ppb) of moisture in bulk O2, in most cases, is tolerable to purifiers.  

However, in certain situations, like system pressure fluctuation, it can cause dramatic 

fluctuation of moisture concentration to spike up to as high as parts-per-million levels in 

O2, which can lead to disastrous effects on integration processes.  Corrosive gases such 

as, HBr, Cl2, and BCl3, are widely used in plasma-etching tools.  Reliable delivery of 

ultrahigh-purity (UHP) gases to an etch tool requires careful control of the interaction of 

the gas with the gas-distribution-system materials since the corrosive gases can cause 

failure of valves, regulators, and MFCs, and may induce leaks in tubes and fittings.  

Resulting corrosion can also introduce particles and gas-phase impurities into the system, 

which can adversely affect the devices being fabricated.  The existence of trace amounts 

of moisture in corrosive gases will rapidly accelerate the corrosion process [76].

To minimize contamination and maintain the process gas purity up to the process 

tool is an essential attribute of the gas delivery system.  However, conventional gas 

delivery systems often contaminate the high purity gas delivered to the process tool. As 

gas purities improve, this problem is exacerbated since the immediate surroundings in the 

gas delivery system become more reactive with the high purity gas, thereby desorbing 

contaminants more readily. 
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1.9.1 Potential Contamination Sources

Each of the elements of a gas distribution system potentially is a source of 

contamination.  A typical gas manifold consisting of several mass flow controllers 

(MFC), valves, pressure sensors, and associated interconnect tubing is configured to 

deliver bulk and specialty gases from the point-of-use (POU) purifier to the process 

equipment.  A detailed technical understanding of the origin and properties of the most 

common contaminants, their fluctuations and their interaction with the different elements 

in the delivery system are essential to provide consistent high gas purity for device 

growth.   Watanabe et al. [77] addressed two sources on this issue: the gas source and the 

delivery system itself.  In the case of the gas source, there are two possibilities: one, 

thermodynamic of impurities.  They gave an example of moisture concentration in NH3

cylinder.  H2O as an impurity in hydride gases is highly soluble in the liquid phase and 

during the initial use of the cylinders, when sampled from the gas phase, H2O 

concentrations might be at low and acceptable levels.  As the source is consumed, 

however, concentrations can rapidly increase since the liquid phase is enriched with H2O 

due to selective vaporization of the high vapor pressure matrix gas.  And, two, regarding 

chemical reactions, Watanabe et al. found that CO2 can react with NH3 and form solid 

NH4COONH2.  For the case of the gas delivery system, they revealed significant H2O 

outgassing from Teflon ® and metal particle filters in the AsH3 and NH3 matrix (measured 

with FTIR).  H. M. Asda et al. [78] investigated interactions of ceramic, metallic and 

polymeric filters with gaseous contaminants, including H2O, O2, CO2 and CH4.  

Depending on the type of filter, it may take more than 500 minutes to dry a ceramic filter 
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from 180 ppb of moisture to 20 ppb with dry purging gas (less than 1 ppb of moisture), 

while it only takes 110 minutes to dry a metallic filter from 300 ppb of moisture to 20 

ppb with dry purging gas (less than 1 ppb of moisture) [78].  Dheandhanoo et al.[79] of 

Air Products and Chemicals Inc. studied moisture dry-down characteristics of both 

electropolished and non-electropolished stainless steel tubing, and they found that 

moisture dry-down of stainless steel tubing is a slow and activated process, and they 

further improved that there is no significant difference among the EP SS 316 tubing.  EP 

SS tubing dries down slightly faster than non-EP SS tubing, so the use of the best EP SS 

tubing (5Ra) in the gas distribution system may not be necessary. Therefore, a significant 

cost reduction could be realized by using lower-grade materials, such as a non-EP SS316 

tube.  However, they also pointed out that care should be taken when a large fluctuation 

of ambient temperature is inevitable because the experimental data demonstrated that 

temperatures plays an important role in the outgassing of materials, resulting in changes 

in impurity levels in the bulk gas.  One thing that must be pointed out in their conclusions 

is about the selection of tubing material.  As the gas delivery becomes more and more 

stringent, the slight difference among different EP SS 316 materials they mentioned may 

not be negligible anymore.

The presence of dead legs in the UHP system also will affect UHP system dry-

down since there is no bulk gas flow in dead legs where moisture or other impurity 

concentration is much higher than that in bulk gas and gradual intrusion of moisture 

contaminates the main steam [79], especially in the normal operation stage (usually low 

flow rate) other than in purging stage (usually high flow rate) the contamination is 
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significant if several dead legs exist in system.  Unfortunately, in real gas delivery 

systems, it’s impossible to completely remove all dead legs.  How to minimize the 

adverse affects of dead legs has not been sufficiently studied.

One more contamination source is back-diffusion.  Back-diffusion occurs when 

the contaminants, such as moisture, under concentration gradient migrate against the 

direction of bulk gas flow in laterals.  Back-diffusion is a very unique property of an 

ultra-pure system. In the chip fabrication processes, typically high flow rates are 

maintained at laterals in order to block back diffusion.  Usually these high flow rates may 

not be necessary and consequently a lot of UHP gases are wasted.  Verma. et al [80]

studied the critical flow to block back-diffusion for tubing with different lengths and 

diameters. 

1.9.2 Modeling of Moisture Dry-down Process

In an attempt to explain the moisture dry-down process within ultra-pure gas 

delivery systems, several theoretical models have been developed since the early 1990s 

[81-84].  Though the systems in these studies are quite simple, with a maximum of four 

laterals or dead legs on a main pipe [81], the methodology of these studies are extremely 

inspiring for further research.  Dheandhanoo et al. [79] set up a model based on fluid 

dynamics of the bulk gas stream and incorporated two dry-down regimes: a physisorbed 

and a chemisorbed regime.  Yang et al. [85] numerically integrated Dheandhanoo’s 

model to predict the evolution of moisture concentration in a simple gas distribution 

system, and they pointed out that the possibility of minimizing the overall dry-down time 
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of a piping network by properly allocating the flow rate in each segment of the network.  

The saving in dry down time and gas usage was as high as 30% in their case studies.  

However, in Dheandhanoo’s model [79], they assumed locally the moisture molecules in 

the gas phase are always in equilibrium with the moisture absorbed on the pipe wall, and 

a BET model was coupled in their model.  This assumption deviates from reality more as 

the purging flow rate goes higher.

The above investigators divided the adsorption into two regimes, the physisorbed 

and the chemisorbed.  The advantage of this method is that one can learn how moisture is 

chemisorbed on a pipe wall and, additionally, how much moisture is physisorbed on a 

pipe wall under certain conditions. This information is very important to study the effect 

of purging flow rate.  However, they didn’t specify at which concentrations the transition 

automatically occurs from chemisorption to physisorption as moisture challenge 

concentration goes up.  In Yang’s work [85], they made a big assumption that the spatial 

variations of both the surface concentration and desorption rate of adsorbed moisture are 

negligible, which is reasonable for a short delivery pipe and low purging flow rate, but 

not in the case of long delivery pipes since within such pipes the moisture concentrations 

at the pipe inlet and pipe outlet could be significantly different from each other during a 

purging process.
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1.10 RESEARCH OBJECTIVES

This dissertation is divided into two principal parts: control of moisture 

contamination in porous low-k dielectric films, and control of moisture contamination in 

ultra-pure gas delivery systems.

1.10.1 Moisture Contamination in Porous Low-k Dielectric Films

The properties of interlayer dielectric films are sensitive to the presence of 

homogeneous contaminants from various sources, which can in turn affect the process 

yield and degrade the final device performance.  Porous low-k dielectric films have an 

entirely different characterization as compared to non-porous.  In the ultra-low-k 

materials, porosity may constitute 30 percent or more of the volume of the whole film.  

Increasing porosity makes these films highly susceptible to atmospheric molecular 

contamination (AMC), especially moisture and organics because of their high reactivity 

with material surfaces.

There has been a considerable amount of research on the interactions of moisture 

with high-k dielectrics [55, 56, 86], and porous materials [87-92], however, knowledge of 

the interaction mechanisms of molecular contamination with porous low-k dielectric 

films is very limited and has not been well studied since porous low-k or ultra-low-k 

materials are quite new materials.  To design a process that minimizes the impact of 

moisture and organic contamination, it is necessary to understand the fundamental 

interaction mechanisms between gaseous contaminants and the porous dielectric films.  

Therefore, understanding the transport processes of impurity through these porous low-k 
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dielectric materials will help in designing better approaches for the integration of low-k 

materials in semiconductor processing.  The mechanism of contaminant adsorption in a 

bulk of film, the transport of impurity through the bulk matrix as well as through the 

pores, the adsorption capacity of the film, and the effect of porosity, pore structure, pore 

size distribution and structure and film thickness on the diffusion of the contaminants, 

help to understand the impurity uptake and removal in porous low-k films.

In this study, moisture was selected as a principal model compound impurity 

because usually moisture is the most difficult impurity species to clean [81].  With the 

Marangoni Effect, isopropyl alcohol (IPA) is used to enhance moisture removal from 

silicon wafers [93, 94].  Intuitively one wants to know whether this is true for cleaning 

porous low-k films, and what the interactions between IPA molecules and low-k films 

are.

It is well-known that moisture incorporated in a dielectrics matrix interacts 

chemically with the dielectric and exists in a variety of forms including both dissolved 

and reacted forms, and the dissociated and reacted water undergoes reverse reaction when 

moisture is desorbed and removed from the matrix [95, 96].  While the nature of 

intermediate compounds formed in the matrix is important, the key parameter of interest 

for manufacturing not only includes the overall uptake of moisture, which is essentially 

dependant on moisture solubility in the porous media, but also includes the dynamics of 

moisture desorption in low-k films, which is dependant on moisture diffusivity.  It must 

be noted that the term moisture not only refers to the individual moisture molecules in the 

gas phase, but in some cases, also refers to both the physisorbed and chemisorbed 
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moisture when one discusses absorption of moisture in porous low-k films.  In this 

research, the focus has been on the overall moisture uptake and removal and not the 

chemical speciation of the moisture in porous films.  The physisorbed moisture molecules 

interact with each other through weak forces, such as, van der Waals forces and 

hydrogen-bonding, while the chemisobed moisture could be dissociative molecules, 

which interacts with the film matrix through chemisorption.

As shown in the literature review, certain fabrication steps, such as, plasma etch 

and/or ash, can dramatically affect the physical properties of low-k dielectric films, which 

in turn affect the behavior of moisture uptake and removal of the films.  The study of how 

etch and/or ash changes the interactions between moisture and porous low-k films is 

another concern of this research.

Various chemistries and compounds are used to seal the pores on the surface   and 

deposited as ultra thin film, which typically is less than 50 nm, on top of low-k film as a 

cap layer.  Essentially, as shown in section 1.7.4 of this chapter, a thin cap layer is an 

effective barrier against metal diffusion and impurity intrusion into the porous low-k 

films.  However, their effectiveness in preventing moisture intrusion or retention in low-k 

has not been studied and is not clear.  Therefore, there is a need for greater understanding 

of moisture interactions with cap layer materials, and evaluating materials with different 

solubility and diffusivity from the point of blocking moisture.

Predicting moisture distribution within low-k film is also valuable.  For instance, 

during a cleaning process, sometimes the average moisture concentration within a low-k 

film is low while the moisture concentration near the interface of low-k film and substrate 
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is much higher than the average level, and gradually in following processes at higher 

temperatures this portion of moisture will diffuse within the film and re-contaminate the 

top surface that has been cleaned.  The moisture concentrated at the top side of low-k 

film may degrade the interface adhesion between the low-k film and cap layer.

In this dissertation, a methodology is developed to study the interactions between 

molecular contaminants with porous low-k dielectric materials and to compare the effect 

on blanket and cure only, etch only, and etched and ashed films.  A process model is set 

up to describe the mass transport of moisture in the polymer matrix and the pores.  

Through model fitting, a series of physical and geometric parameters have been 

estimated, such as, moisture diffusivity and porosity.  The effects of porosity, film 

thickness and cap layer are discussed.  The results of this study including model 

prediction and experiments, could provide a valuable tool for optimum purging or 

cleaning methods, and exploring how purging temperature, flow rate, and gas purity 

accelerate the purging process, and how fast a sample can be contaminated or cleaned 

under certain conditions.

1.10.2 Moisture Contamination in Ultra-High-Purity Gas Delivery Systems

The main objective of this work is to develop methods to analyze contamination 

introduction and removal in ultra-pure gas delivery systems.  Moisture adsorption and 

desorption on gas delivery pipe wall, gradual intrusion of moisture origination from 

stagnant zone or dead legs, critical flow to block back diffusion at laterals, and system 
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perturbation will be investigated.  Meanwhile, how to reduce both purging time and gas 

usage during the moisture dry-down processes is one more concern of this research.

The methodology used in this study is sequenced as follows: first, experiments 

were run on a single piece of electro-polished stainless steel (EP SS) tube, which is 

widely used in the microelectronic industry, and through the design of these experiments, 

the interaction mechanisms between the moisture molecules and the tube wall were 

analyzed. Then, a mathematical model was setup to depict this process.  Next the values 

of critical parameters in the models, such as, the rate constants of moisture adsorption and 

desorption on the tube wall, surface site density of the tube wall were gathered.  

Secondly, the effects of dead legs and back-diffusion on dry-down of UHP gas delivery 

system were evaluated.  The minimum or critical flow to block back-diffusion at laterals 

with different length and diameter was calculated.  Finally, the modulus was put on the 

pipe wall, dead leg and lateral or branch pipes together to form a comprehensive model, 

which allows one to study moisture dry-down behavior of a gas distribution system or 

network.  Based on this comprehensive model, one can run some scenario study to 

compare purging times and costs for different purging options.  This study should be 

helpful to direct the microelectronic industry how to efficiently clean the actual gas 

delivery network that has been contaminated by moisture or other impurities.
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CHAPTER 2

ANALYTICAL INSTRUMENTATION

As shown in Chapter one, the presence of trace amounts of both organic and 

inorganic contaminants in semiconductor manufacturing processing has detrimental 

effects on the processes.  One of the major challenges faced by the present integrated 

circuit technology is the measurement of traces of impurities in processes gases as low as 

parts-per billion (ppb) to sub-ppb.  The ideal measurement requires in-line, accuracy and 

sensitivity, rapid-response and no disturbance to the processes.

In order to determine the key characteristics for various mechanisms of impurity 

transport modes like adsorption/desorption on solid film surfaces and mass transport or 

permeation in porous low-k dielectrics, several analytical tools have been used to perform 

the experiments which give reliable and reproducible results and have high signal to 

noise ratios.  Three different analyzers which can measure concentration of gaseous 

impurity from ppb to percentage levels were applied as the metrology-tools in this 

research.  Two of them were mass spectrometers, the Atmospheric Pressure Ionization 

Mass Spectrometer (APIMS) and Electron Impact Mass Spectrometer (EIMS), and the 

other one was a moisture analyzer, Cavity Ring Down Spectroscope (CRDS).  In the 

whole research, these three analyzers are used to measure impurity concentration at the 

reactor outlet as a function of time.  In this chapter for each analyzer their principles and 

theory of operation, advantages and disadvantages, calibration, etc. are discussed in 

detail.  Fourier Transform Infrared Spectroscopy (FTIR) was used as an in-situ method to 
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detect changes of impurity concentration in low-k dielectric films and change of film 

structure and/or composition during the dynamic processes of impurity exposure and 

removal.  In order to explain the effects of etching and ashing processes on changing the 

properties of low-k films, a Transmission Electron Microscope (TEM) was used to 

measure the film thickness and morphology.

In this chapter, first, the mechanism of mass spectrometers is briefly introduced; 

then the details about the operational mechanism and structure of, EIMS, the moisture 

analyzer, CRDS and APIMS are described; next the introduction on FTIR follows, and 

finally TEM analysis ends this chapter.

2.1 GENERAL INTRODUCTION ON MASS SPECTROMETER 

Mass spectrometry is an analytical technique that measures the mass-to-charge 

ratio of charged particles.  It is most generally used to find the composition of a physical 

sample by generating a mass spectrum representing the masses of sample components.  

Molecules get ionized in the ionization chamber of the mass spectrometer, separated 

according to their mass/charge (m/e) ratio in the mass analyzer, and get counted in the 

detector.  The results are a mass spectrum representing each mass/electron (m/e) ratio; the 

mass spectrum is a measurement of concentration of a particular species.  The three 

essential functions of a mass spectrometer and the associated components are [97]:

(1) A small sample of compound is ionized, usually to cations by loss of an 

electron – Ion Source;
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(2) The ions are sorted and separated according to their mass and charge -

Mass Analyzers;

(3) The separated ions are then detected and tallied, and the results are 

displayed on a chart – the detector.

The spectrometer produces both ions and ion fragments of the original molecule.  

These charged ions produced are separated by mass to charge ratios and directed to the 

detector by external fields.  A mass spectrometer gives the output of the concentration of 

each ion present as a mass spectrum which is the intensity versus mass to charge ratio 

plot.  The output of the concentration or intensity is typically represented by counts 

instead of an absolute concentration of the species, consequently, normally it requires 

concentration calibration for mass spectromters.  There are three main functions of a 

mass spectrometer and its associated components are:

(1) Converting molecules and compounds into ions by loss of electrons – Ion 

Source;

(2) Separation of the ions and fragments by their mass to charge ratios – Mass 

Analyzer;

(3) Detection of each separated ion – Detector 

2.2 ELECTRON IMPACT MASS       

The mass spectrometer used for ppm to low percentage-level of gaseous 

impurities detections was a Balzers QMS 421 series, which consists of a QMS 421C 

control unit and a QMA 400 quadrupole analyzer. 
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The detection limits of the system are given in Table 2.1.  A brief summary of 

this instrument is provided in the following sections.

Table 2.1: Impurity detection limits of EIMS

Species Detection Limit

H2 500 ppb

H2O 600 ppb (in argon, nitrogen and other inert gas)

N2 and CO 200 ppb (in argon)

CO2 30 ppb (in nitrogen)

Ar 30 ppb (in nitrogen, helium)

2.2.1 Ionization Source

In the electron impact mass spectrometer the challenge gas is leaked through a 

capillary from the dosing valve into the source chamber.  The source chamber is 

maintained under vacuum.  The capillary is used to drop pressure from atmosphere at the 

capillary inlet to the ultra-vacuum at the capillary outlet that is connected to a dosing 

valve.  In the source chamber sample molecules are bombarded by electrons emitting 

from a heated filament which ionizes the molecules present into positive ions by loss of 

electrons.  Figure 2.1 shows an electron impact ionization source.  



                                                                                                                             84

Figure 2.1: Electron impact ionization source

The ionization density of each species is directly proportional to its partial 

pressure.  Although the ionization potentials of different atoms or molecules are not the 

same, the ionization cross-section for most gases peak somewhere in the 50-150 electron 

volts range.  For QMS 421 the ionization source is operated at 70 electron volts.

2.2.2 Quadrupole Mass Analyzer

Mass separation in QMS 421 is achieved by using a quadrupole mass analyzer.  

The advantages of a quadrupole are that it 1) has high transmission, 2) is light-weighted, 

very compact and comparatively low-priced, 3) has low ion acceleration voltages , and 4) 

allows high scan speeds, since scanning is realized by solely sweeping electric potentials 

[98].  
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Figure 2.2: Quadrupole mass analyzer

The mass filter, as shown in Figure 2.2, is made up of four cylindrical 

molybdenum rod electrodes that are arranged in such a way to provide the closest 

mathematical approximation to a hyperbolic electrical field.  The QMA 400 has a mass 

range up to m/e 511.  Ions entering from one end travel with constant velocity parallel to 

the poles (z direction, the axis of symmetry maintaining zero potential), and acquire 

complex oscillations in the x and y direction.  This is accomplished by applying both a 

direct current voltage (U) and a radio frequency (RF) voltage (±Vcosωt) to the poles.  

Depending on the conditions of (U, V, ω), ions of only a single mass to charge ratio will 

have stable oscillations and traverse the entire length of the filter under a given set of 

conditions (U, V,).  All other ions will have unstable oscillations and will strike the poles 
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and be lost.  By sweeping the RF and DC potentials linearly in time, the instrument can 

be made to scan a mass range.

2.2.3 SEM Mass Detector

Figure 2.3: Secondary electron multiplier detector

QMA 400 uses SEM (secondary electron multiplier) detector.  The ions leaving 

the quadrupole mass filter are further accelerated to a few keV and then strike a 

conversion dynode made of Cu-Be thereby creating secondary electrons. As shown in 

Figure 2.3, the secondary electrons are further amplified as they collide with a series of 

dynodes (17 stages for this instrument) creating more secondary electrons.  The SEM 

supplies an output current impulse for each incoming particle.  These current impulses 

are converted to correct mean values using electrometer amplifiers.  In order to eliminate 
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background interferences due to soft x-rays, other photons or excited neutral particles and 

also to avoid ions of false mass that pass through the analyzer, the ions leaving the 

quadrupole are deflected 90o and therefore the SEM is located off-axis.

2.2.4 Sampling System

The sampling system is a capillary inlet system for this instrument.  It consists of 

a two-stage pressure reduction system and a fused silica capillary.  In the first stage the 

pressure is reduced from atmospheric pressure to mbar by an 18 liter/sec turbo molecular 

drag pump backed by a diaphragm pump.  In the second stage, that is, in the ion source 

region, the pressure is maintained at a pressure of 10-6 mbar by a 180 liter/s turbo 

molecular drag pump backed by a diaphragm pump.  The capillary of 0.152 mm internal 

diameter and 1.25 m in length is used to deliver the sampling gas and the flow regime in 

this section is laminar.  The pressure gradient between the capillary inlet and the analyzer 

drives the gas into the ion source, and the flow rate in the capillary is around 1-10 

standard-cubic centimeter-per-minute (sccm) depending on the inlet and outlet pressure.  

The gas leaving the capillary is then bled to the source chamber using an adjustable 

thermo mechanical leak valve.   Since the fused silica capillary is hydrophilic, moisture 

or other polar species, such as IPA, will be absorbed on the wall of the capillary leading 

to signal delay when measuring transient data.  In order to minimize this kind of error, the 

capillary is encapsulated in a stainless steel tube that is kept heated at 100 oC.  However, 

heating the capillary only can partially remove the adsorption memory on the capillary 

wall, a more effective way to solve this problem is to set up a model to represent this 
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capillary and use the model to compensate the signal delay due to the surface adsorption 

or desorption on the capillary wall.  This will be discussed in detail in the section of 

experimental and research methodology.  

2.3 CAVITY RING DOWN SPECTROSCOPY (CRDS)

2.3.1 General Introduction of CRDS

CRDS is a highly sensitive laser absorption method which was introduced in 

1998 by O’Keefe and Deacon (Ref. O’Keefe, 1988).  This technique has gained 

importance in recent years mainly because of its high sensitivity and ease of operation, 

such as its ability to function without a vacuum system.  Typically it is used in trace gas 

measurements for quantitative analysis of molecular species on the ppb levels.  The 

cavity refers to the space between two mirrors facing each other.  A brief pulse of laser 

light is injected into the cavity, and it bounces back and forth between the mirrors.  Some 

small amount (typically around 0.1% or less) of the laser light leaks out of the cavity and 

can be measured each time light hits one of the mirrors.  Since some light is lost on each 

reflection, the amount of light hitting the mirror is slightly less each time.  Since a 

percentage leaks through, the amount of light measured also decreases with each 

reflection.  If something that absorbs light is placed in the cavity, the light will undergo 

fewer detections before it is all gone.  CRDS essentially measures how long it takes for 

the light to drop to a certain percentage of its original amount, and this ring down time 

can be converted to a concentration [99].
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The idea of Cavity Ring Down Spectroscopy is quite simple but highly inspired.  

In using the decay time of an excited high reflectance optical resonator many different 

advantages come together.   For example, the absorption length can reach several 

kilometers, the results are not affected by intensive fluctuations of the laser and the 

absorption coefficients are obtainable directly without any calibration. 

2.3.2 Principle of CRDS

Figure 2.4 shows the schematic set-up of a typical pulsed cavity ring-down 

experiment.  It consists of a pulsed tunable laser, lenses for mode matching, a resonator 

(cavity) and a detector. 

Figure 2.4: Schematic set-up of a pulsed CRDS

The laser beam is in mode matched to the cavity with lenses so that preferentially 

the TEM∞ of the cavity is excited.  The cavity is filled with the absorbing medium and 

sealed on both sides by highly reflecting mirrors to enhance the absorption length.  Due 

to this high absorption length CRDS is very sensitive.  After coupling a laser pulse into 
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the cavity the light intensity decreases with every pass within the resonator because of 

reflection losses of the mirrors and absorption losses of the medium. Therefore, an 

exponential decay of intensity is obtained at the detector.  This decay is specified by the 

decay time τ, which normally is in order of magnitude of μs.

There are two steps involved in the measurement.  The first step is to the τ value 

for the empty cavity or cell, that is, Tau empty, and the second step is to measure the τ 

value for the filled cell.  Tau empty corresponds to a zero correction.  Once the Tau 

empty is calculated, the computer tunes back to the absorption peak of the contaminants 

to determine the tau value, which depends on the concentration of the contaminants 

present in the gas.  By measuring the ring down-time during the empty cell and filled cell, 

the concentration of the species can be calculated.  The advantages of measuring the 

empty cell first is that the absolute measurement is unaffected by losses outside the ring 

down cavity [100].

First step measurement: 
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where, c is speed of light, d is cavity length, R is mirror reflectivity, N is molecular 

density or concentration, σ is absorption cross-section, τ is ring down time, and ν is 

frequency [101].

The cavity signal is measured with a detector and visualized with an oscilloscope, 

which is read out by a personal computer.  The decay times are fitted by the computer 

using a nonlinear fit.

The CRDS used in this research was dedicated to detect trace amounts of 

moisture ranging from 0.2 ppb to 5000 ppb.  The model of this CRDS was MTO-1000-

H2O by Tiger Optics.

2.3.3 MTO-1000-H2O Cavity Ring Down Spectroscopy

The schematic setup of MTO-1000-H2O Cavity Ring Down Spectroscopy is 

shown on Figure 2.5.  It is made up of the following components.

(1) Diode Laser – This is the source which emits light energy;

(2) Isolator – This prevents light energy feedback from interfering with the 

laser;

(3) Acousto-optical Modulator – This is a shuttering device for the light 

source;

(4) Absorption cell – It contains highly reflective mirror which creates a 
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measurement cavity;

(5) Photodiode – This monitors the light energy from the absorption cell;

(6) Trigger – This works along with photodiode and sends a signal to activate 

the ring down cycle. 

Figure 2.5: Schematic of MTO-1000-H2O Cavity Ring Down Spectroscopy

The following steps describe how the CRDS works: 

(1) A Continuous Wave (CW) diode laser emits a directed beam of light 

energy through an ultra-high reflective mirror into the absorption cell or cavity.

(2) Within the cavity or the absorption cell light travels over a total path 

length of 100 kilometers.  This is achieved by light reflecting back and forth between the 

highly reflective mirrors several times.

(3) Once the photodiode detector sees a preset level of light energy, the light 

source is shuttered or diverted from the cavity. 
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(4) On each successive pass, a small amount of light or ring down signal emits 

through the second mirror and is sensed by the light detector.

Once the light “rings down”, the detector achieves a point of zero light energy in 

milliseconds and the measurement is complete. 

2.3.4 Temperature Effect

Laser temperature is a critical parameter of CRDS which has to be tuned to the 

right value to get the correct measurement of concentration.  Each species has its own 

absorption peak and at a certain value of laser temperature the peak value is highest.  

Figure 2.6 shows the absorption value vs. laser temperature for two species, water and 

methane [100].  The laser temperature for moisture was set at 12.6 ºC.  Typically, laser 

temperature is stable over a long period of time, but it was observed in the MTO-1000-

H2O Cavity Ring Down Spectroscopy that laser temperature deteriorates with time.  So 

after every several months, CRDS has to be tuned to the correct laser temperature.

Figure 2.7 shows the tuning of laser temperature done for moisture.  It can be 

observed from the figure that a slight variation in temperature can give different readings 

of moisture concentration. 

2.3.5 Modes of Operation

There are several modes of operations in MTO-1000-H2O, with each mode for a 

specific purpose [102].

(1) Measure Mode  
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Figure 2.6: Effect of laser temperature on absorption value

Figure 2.7: Calibration of laser temperature of CRDS
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Figure 2.8: Flow system – three manifold unit

In this mode, the concentration of the contaminant is measured.  The sample gas 

is introduced into the absorption cell and ring down time is measured; this gives the 

concentration of the contaminant.  This process of collecting the sample and processing 

the ring down data is repeated to give a change in the concentration of impurity with 

time.  If more than one inlet is used for studying, then sampling time for each inlet is 

predefined.  Figure 2.8 shows the three multifold flow unit.  The absorption cell is 

challenged with the first inlet by opening its valves while the valves of the other inlet are 

closed.  The analyzer calculates the ring down time and converts it to concentration.  
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Then it is switched to another inlet. First the cell is purged of the previous sample gas and 

then a measurement is taken.  This way each concentration in each inlet is measured and 

the cycle is repeated. 

(2) Service Mode

In this mode the analyzer is kept at standby to perform any maintenance or to 

make any changes to the settings, such as cell flow rate, time for sampling, length of 

recording the data and the wavelength of the peak of interest of the contaminants.  While 

in service mode, no measurements are taken.

(3) Tune Mode  

In this mode background ring down time is determined.  The off peak ring down 

time will be used to calculate the actual concentration of the contaminant by removing it 

from the actual ring down time data.  There are two types of TUNE cycles.  The first is 

called the “Just Tau, empty.” In this measurement, the absorption peak is changed to 

some value other than the absorption peak value of the contaminant and ring down time 

is measured.  This TUNE cycle is done with the driest gas available.  The second TUNE 

cycle is called “Scan & Tau, empty” which is used for problem-solving and trouble-

shooting purposes.  In this cycle the laser is scanned throughout the region. 

2.4 ATMOSPHERIC PRESSURE IONIZATION MASS SPECTROMETER

Atmospheric pressure ionization mass spectrometry (APIMS) has the capability 

to measure gaseous impurity concentrations in ppb and sub-ppb ranges.  Because the 

ionization of gases happens at atmospheric pressure, APIMS can detect impurity 
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concentration in gases as low as several ppt levels [103].  Typically the sensitivity of 

APIMS is 106 times higher than conventional mass spectrometers and it also has much 

faster response times.  Moreover, it can distinguish between impurities that have the same 

mass to charge (m/e) ratio.  Several authors report in literature the history of the 

development of the atmospheric pressure ionization (API) technique [104,105].

Such high detection capability comes with its own drawbacks. One such 

drawback is the cost, and APIMS is a very expensive instrument as compared to typical 

mass spectrometers.  Also it involves high maintenance and complex operations.  APIMS 

are available either as one quadrupole system or three quadrupole systems, which adds 

additional costs to the system.  Also, to provide precisely controlled sample gas and 

calibration gas it has a gas processor system.  In order to achieve the best performance 

from the equipment, it is important to constantly purge the system with an ultra-high pure 

carrier gas.  Since ionization happens at atmospheric pressure in the source chamber, it 

results in a series of complex ion-molecule reactions. Often times several ionized species 

are formed which could cluster together making the interpretation more complex and 

challenging.  This cluster formation might result in a similar mass to charge ratio making 

the interpretation more difficult.  This may complicate the identification of unknown 

compounds as most of the reference spectra available are for conventional mass 

spectrometers operating under vacuum. 

In order to minimize the effect of over-lapping spectra the quadrupoles have to be 

tuned, which is a very exhaustive and time-consuming process.  There is a second 

quadrupole where species with an overlapping mass to charge ratio are further broken 
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down which could help to identify the species and help in interpretation.  For example, 

CO and N2 have the same mass to charge ratio which is 28, but further breaking down 

CO in the second quad to C and O can help in identifying whether a species is present in 

CO or N2.  Unfortunately, APIMS can be used to detect only those trace level impurities 

which have ionization potential less than the carrier gas.  Since nitrogen was used as the 

principal carrier gas, the concentrations of argon, hydrogen, and helium could not be 

determined using APIMS.

The APIMS used in this study is a VG Trace+.  It is composed of a mass 

spectrometer manufactured by Vacuum Generators (VG) and a gas processor 

manufactured by L’Air Liquide. 

2.4.1 APIMS Principle of Operation

In this technique the ionization of the gas to be analyzed happens at atmospheric 

pressure in the source chamber instead of under vacuum as most traditional mass 

spectrometers do.  Ionization of impurity species under vacuum significantly reduces the 

detection limit for the measurement of trace level impurity concentrations in the sub-ppb 

range.  APIMS ionizes the sample gas at or near atmospheric pressure using corona 

discharge ionization. This technology results in the creation of a large number of primary 

ions of the bulk gas or carrier gas by electron impact of corona created electrons on the 

major neutral components.  In this study N2 is used as the carrier gas and the primary 

ionization of the carrier gas yields N+ and N2
+ species.  Atmospheric ionization causes a 
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higher probability of collisions and a short mean free path that leads to a wide-ranging 

series of ion/molecule reactions resulting in secondary ions, such as:

  4322 2 NNNNN

(2.4)

Only a small fraction of sample gas is ionized in the first primary step, whereas 

nearly 100 % of the trace impurity molecules present in the carrier gas get ionized due to 

a charge transfer phenomenon.  This is the essential mechanism which allows APIMS to 

detect trace level impurities.  

For example:

            O       N    O     N 2222
 

                                                  (2.5)

This secondary ionization mechanism is also known as ‘soft’ ionization.  The

sequence is shown schematically in Figure 2.9.  However, the charge transfer mechanism 

or ‘soft’ ionization mechanism is thermodynamically favorable only when the impurities 

of interest have a lower ionization potential than the primary or secondary ions formed 

from the bulk gas.  Table 2.2 lists the ionization potential of various species.  Fortunately 

as seen from the table most impurities of interest can be studied with nitrogen as the 

carrier gas.
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Figure 2.9: Dual mechanism of ionization in API source

Table 2.2: Ionization potential of several gaseous species

Gaseous Species Ionization Potential (eV)

He 22.45

Ar 15.755

N2 15.576

H2 15.427

CO 14.013

CO2 13.769

CH4 12.6

H2O 12.6

O2 12.063

C2H6 11.5

C3H8 11.1

API

Primary ionization Secondary ionization

Collision

N2 + e- N2
+ + 2 e-

I + e- I+ + 2 e-

N2
+ + I N2

+ + I+

N2
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It should be noted that the presence of a large amount of an impurity, i.e. >100 

ppb, with a favorable ionization potential will affect the ionization of other trace level 

impurities.  The particular impurity with favorable ionization potential will get readily 

ionized by the primary ions whereas the other impurities might not, thus resulting in a 

decrease of the detection of other trace impurities in the carrier gas.  Hence for the 

APIMS to operate correctly and provide quantitative data there must not be high 

concentrations of any impurity in the gas to be analyzed.  

For a gas with low levels of impurities the preferential secondary ionization of the 

impurity species results in a higher proportion of the ions formed being from the 

impurities.  The ions and the neutral gas from the source are sampled into the vacuum 

system through a series of orifices and pressure reduction/focusing stages.

It is important that the potentials applied to the focusing elements in these stages 

are appropriate for the optimum detection of the ions of interest because ion/molecule 

reactions can occur in the early stages of pressure reduction.  Also de-clustering of ions 

will also take place in these stages.

Another potential issue with APIMS is the presence of certain kinds of impurities 

such as moisture which results in cluster formation.  This affects the detection of 

impurities because of the formation of several ions with a similar mass to charge ratio 

making the interpretation difficult.  Cluster ions are readily formed in the API source, for 

example, 

ONH      N  OH  N 2223
 

(2.6)
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It is observed from the above reaction that the newly formed cluster ion NH2O
+

has a mass to charge ratio of 32 which is the same for O2
+.  Thus this cluster ion 

interferes in the detection of O2
+ ions.  In order to limit this effect the APIMS tuning 

settings, such as the source, focusing and accelerating voltages, should be optimized.  

The primary and secondary ions formed in the source are then leaked into the vacuum 

system through an orifice plate where the ions are channeled into a quadrupole chamber 

through a series of pressure reduction and focusing stages.  The quadrupole separates the 

ions according to their m/e ratios and directs the ions to a channeltron detector with a 

pulse counter.  Figure 2.10a and 2.10b show the general assembly and different source 

components respectively.  Subsequent sections will explain these phenomena in detail 

[106].

. 
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Figure 2.10a: APIMS general assembly
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Figure 2.10b: APIMS source components
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2.4.2 Trace+ Triple Quadrupole APIMS

The schematic of the Mass Spectrometer along with various key components of 

VG Trace+ APIMS is shown in Figure 2.11.  Sample gas at atmospheric pressure is 

introduced into the ion source.  The ion source is a stainless steel volume with a needle of 

low work function material which, in this case, is tungsten located in the middle of the 

source chamber that is held in place using a ceramic to metal seal.  This set-up allows for 

applying a high voltage, up to +5 Kv to the tungsten needle.  The point of the needle is 

approximately 3mm from the first orifice.  The high voltage applied to the needle results 

in the formation of a corona discharge, which ionizes the gas present in the chamber. 

Figure 2.11: Schematic of VG Trace+ APIMS

The source chamber has two connecting tubes.  Sample gas is introduced into the 

source chamber using the upper connecting tube.  The gas flow is designed in such way 

that the sample gas entering the corona region does not interact with the adsorbed species 

on the source wall, which minimizes the contamination effect.  There is a continuous 
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flow of the gas in the source chamber. The remaining gas purges the chamber and leaves 

the source through the second connection tubes.  The source has two heating rods which 

allow for heating the chamber to as high as 160 ºC.  For experiments in this research the 

source was maintained at 110 oC to prevent condensation of moisture on the source walls.  

Normally when a new reactor is installed the chamber is baked overnight.

The first pumping stage is kept at 0.5 torr which is much less than the pressure in 

the source; this pressure difference allows the ions formed in the corona to be drawn into 

the first pumping stage through a 200 μm orifice, F1.  This is a short chamber, pumped 

by a high capacity rotary pump, to reduce the pressure to a few mbars.  Since F1 is the 

first orifice which the fragments see, it is very important to carefully tune the voltage of 

this lens.  Because the number of fragments reaching the detector area depends on how 

much is allowed to pass through F1.  This also determines the fragmentation energy of 

the ions entering the spectrometer.  The sudden expansion through F1 also helps in the 

declustering of ions.  The second orifice, F2, is cone-shaped with a pin hole at its top, on 

the opposite side of the first orifice, protruding into the chamber.  The lens is insulated by 

a ceramic seal and voltage between – 300 and 300 V can be applied.  By applying the 

correct voltage to the lens, the ions entering the first pumping stage are focused to the tip 

of the cone before entering the second pumping stage.  A rotary-backed turbo molecular 

pump is used to the pump the second stage.  It is maintained at a pressure of less than 10-5

torr.  Once the ions cross the F2 lens they go through a few more lenses (F3 and F4) and 

half plate (HP1 and HP2) before reaching the quadrupole section.  With each pass the 

vacuum level is increased with the quadrupole region being kept around 1e-6 torr.
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It should be noted here that the voltages on each of the lenses and half plates are 

optimized so that maximum number of ions reach the quadrupole section. The 

quadrupole is made up of four electrodes arranged as a square array.  These electrodes are 

electrically conducting parallel hyperbolic rods.  Opposite electrodes are connected 

together and to each pair is applied a potential which are opposite in sign.  The potential 

applied is given by:

)2cos(')( ftVUt 

                                                        (2.7)

where, U is a DC voltage and V’ is the peak amplitude of an RF component with 

frequency f.  Once the ions, after passing through a series of lenses, enter the quadrupole 

region, they experience RF and DC fields which are perpendicular to the direction of ions 

entering the quadrupole housing, which in this case is a Z- axis.  Due to the effect of the 

fields, the ions move in a transverse motion.  Mathieu equations describe the motion of 

the ions.  These equations describe two types of motion, one in which the ions oscillate 

along the Z-axis and come out of the filter and the other in which ions get attracted 

toward the electrodes away from the Z-axis before getting neutralized.  By optimizing the 

various parameters V, U, f, ro for particular m/e ions, it is possible for particular ions to 

pass through the filter and reach the detector while the rest get neutralized.  It should be 

noted, that not all other m/e ions will get neutralized. Some will still be able to pass 

through but the sensitivity of other ions would be less as compared to the ions for which

the parameters are optimized.
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One advantage of Trace+ is that it has three quadrupoles in series.  The benefit of 

having three quadrupole is that species with the same mass to charge ratio can be 

separated and detected.  The first quadrupole is mainly used if there are no overlapping 

peaks and the other two quadrupoles are kept in total mode or full pass mode which 

allows the ions to pass through without filtering.  When ions of similar m/e ratio are 

present then all three quadrupoles are used.  In the second quadrupole, a cluster of ions 

are further broken into its components.  There is a specially designed collision cell which 

houses the second quadrupole.  This quadrupole is slightly pressurized with ultra-high 

purity argon collision gas and the cell is maintained at a pressure of about 10e-3 torr.  The 

third quadrupole acts as a filter for the newly formed ions broken form the original 

cluster ions.  For example, in order to measure the concentration of CO in N2 carrier gas, 

one has to use all three quadrupoles.  This is because CO and N2 have the same mass to 

charge ratio of 28.  Therefore, if the collision cell is not activated then it will be difficult 

to analyze how much of the counts of 28 correspond to CO and how much for N2.  This 

example shows the advantages of using the second and third quadrupole collision cells as 

a filter.  In this case the first quadrupole is tuned for m/e of 28.  So both CO+ and N2
+ ions 

pass through the first quadrupole.  In the second quadrupole or the collision cell, the ions 

further undergo ‘collision induced dissociation’ (CID) resulting in fragmented daughter 

ions like C+, O+, N+ etc.  So to measure CO concentration, the third quadrupole is tuned 

to allow passage of either C+ or O+ ions by tuning the quad to m/e of 12 or 16.  The 

quadrupoles have to be tuned to the proper voltages so that the ions can be accelerated 
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through the CID cell at the optimum setting to promote fragmentation, and then 

decelerated for efficient analysis in the third quadrupole. 

2.4.3 Detector System

The ions leaving the quadrupole sections are directed to the channeltron detector. 

The channeltron detector is made up of a curved glass tube with the inside of the tube 

coated with a resistive material, usually beryllium coating.  The resistive material forms a 

continuous dynode on applying voltages across the tube ends.  A large negative voltage is 

applied to the channeltron so that it attracts the ions emerging from the quadrupoles. 

These ions hit the resistive material coating, resulting in a release of lots of secondary 

electrons.  These secondary electrons again collide with the coating producing further 

secondary electrons.  The process continues until large amounts of electrons exit from the 

end of the tube from every ion which enter the channeltron.  The end of the tube is kept at 

earth potential. 

The channeltron is mounted on the analyzer end flange.  The flange can be 

removed easily from the analyzer when replacing the channeltron.  A pre-amplifier is 

mounted directly on the flange to amplify the pulses and to transmit them to the pulse-

counting amplifier/discriminator.

Voltage in the range of 2.0 to 3.0 kV can be applied to the channeltron in order to 

maximize the detection limit.  As the detector age potential applied is changed to 

compensate for the wear of the detector, the detector can be kept at a maximum of 3.5 

kV.
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The APIMS displays the concentration of each species as counts per second (cps).  

Therefore, a calibration curve is needed for each impurity to relate concentration of the 

impurity to counts per second.  Generation of calibration curves are explained in the later 

section.

2.4.4 APIMS Gas Processor

The gas processor is an integral part of the APIMS.  A schematic of the Trace+ 

gas processor, designed by L’Air Liquide, is shown in Figure 2.12.

It has four major functions:

(1) To prepare zero-gas for gas dilution and to establish a system baseline;

(2) To generate calibration gas through dilution loop;

(3) To provide an exact amount of sample gas;

(4) To control the pressure and flow for the API source

All tubing used are made of electropolished 316L stainless steel tubing with VCR 

fittings, orifice plates to control flow without adding any contaminants, and all-metal 

ultra clean MFCs are installed off-line to reduce the risk of impurity intrusion through 

these units.  Also in order to minimize any dead space flow is always maintained through 

all the lines. 

2.4.4.1 Zero Gas Preparation

The nitrogen carrier gas for this research is supplied by a bulk, cryogenic source.  

The purity of the source nitrogen is 99.9999%.  The nitrogen lines entering the lab are 

split into two lines, one is the ‘house’ nitrogen line which is not further purified and is 
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used for applications where purity is not much of a concern.  The second nitrogen line 

passes through a 1000 L hot-metal getter purifier manufactured by Ultra-Pure Systems 

(Model 7000 XL).  

Figure 2.12: Schematic diagram of the gas processor and gas delivery system

The nitrogen leaving this purifier has a total impurity content less than 1 ppmv.  

This nitrogen is further purified by a SAES heated getter purifier (Monotorr series 

3000N, model# PS3MTN1).  This produces an ultra high purity nitrogen gas with 

impurity concentration as given in Table 2.3.  The house line N2 pressure is maintained at 

80 psig. 



                                                                                                                             112

Table 2.3: SAES getter performance

Impurity Level

O2 < 1 ppb

H2O < 1 ppb

THC < 10 ppb

CO2 < 1 ppb

CO < 1 ppb

The ultra high pure nitrogen gas is further divided into two lines.  One line is used 

for the gas processor while the other line is directed to the direct injection system.  The 

gas fed to the direct injection system is further purified by two more SAES getters.  The 

nitrogen gas passing through for SAES getters produces ultra high pure nitrogen gas with 

an impurity concentration in single digit ppt range.  This gas acts as the zero gas and is 

used to establish the baseline.  This zero-gas nitrogen is used to dilute the challenge and 

purge gases before it enters the API source.

2.4.4.2 Sample Gas Dilution

One important issue with the APIMS operation is the dilution of challenge gas.  

This is because high impurity concentrations can saturate the plasma resulting in 

nonlinearities and misleading data.  MFC1 and MFC2 control the flow rate of challenge 

gas and zero gas.  The following were the conditions used for the experiments: 

1). Challenge gas flow rate: 350 sccm

2). Dilution gas flow rate: 3000 sccm
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3). Total flow rate to the source:  3350 sccm

4). Sample pressure:  1- 1.5 bar

      The calibration of APIMS will be covered in later sections.

2.5 FOURIER TRANSFORM INFRARED SPECRTOSCOPY

2.5.1 General Introduction

Fourier Transform Infrared Spectroscopy (FTIR) is a powerful technique to 

characterize chemical and molecular structures.  It can be used to study gases, liquids as 

well as solids.  The term Fourier Transform is used because in this technique 

interferogram is converted to spectrum using a method of mathematical operation, 

Fourier transform.  In infrared spectroscopy, IR radiation is passed through the specimen 

to be studied. Some of the radiation is absorbed while some is transmitted.  When 

infrared radiation interacts with matter it can be absorbed, causing the chemical bonds in 

the material to vibrate.  The presence of chemical bonds in a material is a necessary 

condition for infrared absorbance to occur [106].  This produces a unique molecular 

spectrum of the sample, also called a molecular fingerprint [108].  Chemical structural 

fragments within molecules, known as functional groups, tend to absorb infrared 

radiation in the same wave number range regardless of the structure of the rest of the 

molecules that the functional group is in.  This means there is a correlation between the 

wave numbers at which a molecule absorbs infrared radiation and its structure.  This 

correlation allows the structure of unknown molecules to be identified from the 
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molecule’s infrared spectrum.  This is what makes infrared spectroscopy a useful 

chemical analysis tool.

A plot of measured infrared radiation intensity versus wavenumber is known as 

an infrared spectrum.  Infrared spectra can provide quantitative information as well, such 

as the concentration of a molecule in a sample [103, and Smith’s book].  This research 

tried using FTIR as a detector to monitor the changes of moisture and/or IPA 

concentrations in porous low-k dielectric films.  The basis of quatitative analyses in FTIR 

is Beer’s law, which relates concentration to absorbance, and has the following form:

εlcA 

                                                      (2.8)

where, 

          A: Absorbance

           : Absorptivity

l: Pathlength

c: Concentration

The absorbance is measured as a peak height, peak height ratio, peak area, or 

peak area ratio from the FTIR spectrum.  The absorptivity is the proportionality constant 

between concentration and absorbance.  It changes from molecule to molecule, and from 

wavenumber to wavenumber for a given molecule.  However, for a given molecule and 

wavenumber, the absorptivity is a fundamental physical property of the molecule [106].

There are three main regions of infrared: far IR region, between 400-10 cm-1, mid 

IR region, between 4000-400 cm-1 and near IR region, between 13000-4000 cm-1.  In this 
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research mid IR region has been used for study.  Far IR is rarely used for structural 

elucidation but contains useful information on the vibration of heavy atoms (especially 

for inorganic compounds) and/or weak bonds such as hydrogen bonds, while near IR 

spectroscopy is mainly used for process control applications.  

Perkin Elmer 1720X and Nicolet 6700 series FTIR instruments were used for this 

research. 

2.5.2 Molecular Vibrations and Infrared Absorption

Infrared spectra results from transitions between quantized vibrational states 

[109].  Molecules with N atoms have 3N degrees of freedom, three of which represent 

translational motion in mutually perpendicular directions and three represent rotational 

motion about the x, y, and z axes.  The remaining 3N-6 degrees of freedom provide a 

number of ways that the atoms in a nonlinear molecule can vibrate (i.e., the number of 

vibrational modes).  The atoms in the molecule vibrate at a particular frequency, only that 

vibration which has a similar frequency to IR radiation absorbs the radiation, and only 

those vibrations which produce a net change in dipole moment are visible in IR and those 

which give polarizability changes are observed in the Raman spectroscope.

There are two main types of molecular vibrations: stretching and bending.  Figure 

2.13 shows different kinds of motion or vibrations.  These vibrations are asymmetrical or 

symmetrical stretching, In-plane bending of scissoring, Out-of-plane bending or wagging, 

motion from the plane of page toward reader; - indicates motion from the plane of page 

away from reader) [107], Out-of-plane bending or twisting and In-plane bending or 
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rocking.  Not all molecules will display all of these vibrations, depending on the types of 

bonds in molecules, different vibrations are observed.
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Figure 2.13: Major vibrational modes for a nonlinear group, CH2

(+ indicates motion from the plane of page toward reader; - indicates motion from the 

plane of page away from reader)
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2.5.3 Hardware of FTIR

An instrument used to obtain an infrared spectrum is called an infrared 

spectrometer.  There are several kinds of instruments used to obtain infrared spectra.  But 

the majority of them are Fourier Transform Infrared (FTIR) instruments.

Figure 2.14 schematically shows the components of an FTIR by Thermo Fisher®.  

The mechanism of the instrument is housed in two principal components: the optical 

bench and computer.  The optical bench measures the intensity of a specially encoded 

infrared beam after it has been passed through a sample.  The resulting signal, called an 

“interferogram”, contains information about all frequencies present in the beam.  The 

computer reads the intensity information and uses Fourier transformation algorithm to 

decode the intensity information for each frequency and presents the spectrum.  The 

optical bench includes an IR source, interferometer, detector, sample cell or holder, and 

laser source.  The IR source emits infrared radiation across the frequencies of interest.  

The infrared beam leaves the source and is deflected off a mirror.  The mirror directs the 

beam into the interferometer where the spectral encoding takes place.  The infrared beam 

exits the interferometer and is deflected by a couple of mirrors before it reaches the 

detector.  The detector produces an electrical signal in response to the encoded radiation 

striking it.  An interferogram is generated by recording the amount of radiation reaching 

the detector over time.  This interferogram is called “background interferogram” because 

it shows the energy passing through the components of the optical bench.  The sample is 

placed in a cell or sample holder in the path of the encoded infrared beam.  The 

frequencies of infrared radiation that are absorbed and the strength of the absorptions are 
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determined by the sample’s chemical makeup.  When a sample absorbs some of the 

radiation, the amount reaching the detector is reduced.  This reduces the intensity of the 

interferogram, which shows the amount of infrared radiation reaching the detector over 

time.  The laser produces a single frequency of red light that follows the same path as the 

infrared radiation, and calibrates the instrument internally.  The information contained in 

the background and sample interferogram is transmitted to the computer, where further 

processing takes place to produce the spectrum.

Figure 2.14: Schematic of components of an FTIR spectrometer

2.5.4 Interferometers

The most common interferometer used is a Michelson interferometer.  It is 

comprised of three main parts: a moving mirror, a fixed mirror and a beamsplitter as 

shown in Figure 2.15.  The two mirrors are placed perpendicular to each other.  The 
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beamsplitter is a semi-reflecting device which is made of different materials; a typical 

beamsplitter is made of KBr.  An IR beam from the source first hits the beamsplitter, 

where it is divided into two beams; half of the IR beam goes towards the fixed mirror and 

the other half towards the movable mirror.  The beams, after reflecting from the two 

mirrors, are recombined again at the beamsplitter.  If two paths are the same or different 

by an integral number of wavelengths for a given frequency, they add up together and 

result in constructive interference. Otherwise, they result in destructive interference.  As 

the movable mirror changes it positions relative to a fixed mirror, an interference pattern 

is generated.  Figure 2.16 shows a typical interferogram pattern.  The intensity of 

radiation reaching the detector varies in a sinusoidal manner [107].

The KBr beamsplitter is reasonably hard, and can be manufactured to the 

tolerances needed for a good beamsplitter.  The only drawback to KBr is that it is 

hygroscopic, meaning it will absorb water from the atmosphere and forever.  This is one 

reason why it is essential that all FTIR spectrometer benches be purged with dry nitrogen 

to maintain a low relative humidity, or be sealed and dedicated to keep moisture out 

altogether.
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Figure 2.15: Simplified optical layout of a typical FTIR spectrometer

Figure 2.16: Typical interferogram
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2.5.5 IR Source

The purpose of an infrared source is to provide radiant energy in the infrared 

region of the electromagnetic spectrum.  Typically, there are two types of an IR source, 

namely, an air cooled source and a water cooled source.  The temperature of the air 

cooled source is maintained by air currents in the spectrometer, and it consists of an 

element that may be made up of a coil of nichrome wire or a small ceramic piece, which 

runs temperatures from 1100 to 1400 K.  The other type is a water cooled source, 

otherwise known as a globar, which consists of a rod of silicon carbide, and is resistively 

heated like the air cooled source.  Water cooled sources are cooled with running water to 

keep them from overheating.  Globars operate at temperatures above 1400 K, so they 

have the advantage of giving off more infrared radiation than air cooled sources. The 

disadvantage of globars is the need for cooling water.  The advantage of an air cooled 

source is that it is inexpensive and convenient, since no special cooling is required.

2.5.6 The Sample Compartments

There are two distinct types of FTIR sample compartments.  Originally, FTIRs had 

sample compartments with holes in the side to let the infrared beam in and out.  This 

maximized the amount of infrared energy that made it to the sample, and to the detector.  

These compartments give excellent signal-to noise ratios, but require a purge gas to keep 

the KBr beamsplitter from fogging, and to prevent intense CO2 and H2O peaks from 

appearing in spectra.  The other type of sample compartments are sealed, desiccated 

instruments.  The infrared transparent windows, usually made of KBr, are installed over 
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the holes in the sample compartment.  The advantage of this kind of system is that no 

water vapor can reach the hygroscopic KBr beamsplitter, and they do not have to be 

purged with nitrogen.  However, there may be some residual CO2 and H2O peaks in 

spectra due to the presence of these gases in the sample compartment.  The major 

disadvantage of sealed and desiccated systems is that the windows partially block the 

infrared beam.

In the two FTIRs that were used in this study, the sample compartment was the 

second type, but it was continuously purged with dry nitrogen to further decrease 

moisture levels in the background since moisture was the main contaminant of concern.

2.5.7 The Detector

The infrared detector element is to act as a transducer, tuning infrared intensity 

into an electrical signal.  There are two major types of detectors that are used in the mid-

infrared range: deuterated triglycine sulfate (DTGS) and mercury cadmium telluride 

(MCT).  The DTGS detector is a pyroelectric detector that delivers rapid responses 

because it measures the changes in temperature rather than the value of temperature.  The 

MCT detector is a photon detector that depends on the quantum radiation and also

exhibits a very fast response. The DTGS detector is a room temperature detector, whereas 

for MCT, liquid nitrogen is used to decrease the noise signal.  The MCT detectors are up 

to 10 times more sensitive than the DTGS detectors.  However, typically the MCT 

detectors are expensive and saturate easily.  In the FTIRs that were used in this research, 

MCT detectors were applied.
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2.5.8 Spectrometer Electronics

The FTIR contains a He-Ne laser, which has two purposes.   First, the laser acts 

as an internal wavenumber standard that gives off light at precisely 15,798.637 cm-1.  

Second, it tracks the position of the moving mirror so the optical path difference can be 

measured properly.  Once an interferogram is measured, it is digitized using an analog-to-

digital converter (ADC)    

2.5.9 The Computer

For data interpretation and analysis, transmission or absorption spectrum over the 

entire range of wave number is needed.  The computer converts the signal to absorption 

intensity vs. wave number using Fourier Transform.  The generated infrared spectrum is 

then used for manipulation and interpretation.  Figure 2.17 shows a typical infrared 

spectrum of p-MSQ and BDIIx that were used as samples in this study.

2.5.10 The Advantages and Limitations of FTIR

FTIR has several advantages over other dispersive spectrometers, such as better 

speed and sensitivity. Since it generates a spectrum over the entire range of frequencies at 

the same time, measurements are done at a faster rate.  This advantage is called Felgett 

advantage.
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Figure 2.17: Typical Infrared spectrum of p-MSQ and BDIIx

2.6 TRANSMISSION ELECTRON MICROSCOPE

2.6.1 Introduction

Electron microscopy uses electrons to create an image of a specimen.  High 

resolution and high magnification are key characteristics of an electron microscope, 

which allows atomic scale imaging.  An electron microscope is used to examine 

biological specimens such as microorganisms and cells, metals and crystalline structures.  

It is also used extensively for defect analysis, quality assurance and failure analysis in 

semiconductor device fabrications.  Using an electron microscope, great details in these 

samples can be viewed.

In this research a transmission electron microscope (TEM) was used to measure 

the thickness and watch the morphology of these films.  The instrument used for this 
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study is Hitachi H8100.  It is a conventional TEM with a maximum accelerating voltage 

of 200 kV and with high brightness LaB6 electron source and large specimen-tilt (> 30 

degrees) capabilities.  It offers phase contrast resolution of better than 0.26 (point) and 

0.14 nm (line).  It is equipped with small probe forming lenses for nano diffraction, 

CBED and hollow-cone illumination.  A heating stage (up to 1000 oC) and a LN2 cooling 

stage coupled with a CCD high resolution camera allow unique dynamic in-situ 

experiments.  All the tests were done by the University Spectroscopy and Imaging 

Facilities at the University of Arizona. 

2.6.2 Principle of Transmission Electron Microscope

The electron microscope uses electrons to generate images of very small objects, 

which could otherwise not be observed by a light microscope.  The wavelength of 

electrons is much shorter than that of visible light.  Typically, it is known that the smaller 

the wavelength, the better the resolution.  The resolution is defined as the smallest detail 

that can be distinguished in an image.  Therefore, an electron microscope can image 

much smaller objects as compared to a light microscope.  However, microscope 

resolution is limited by the wavelength of the probing medium, which in the case of 

TEM, is an electron.  The minimum distance that can be resolved by the microscope is 

given by the following formula:




sin

61.0

n
dd 

(2.9)
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where, dd is separation between two points, is the wavelength of the probing medium, n is 

the refractive index and is a semi-angular angle.  Since resolution is inversely 

proportional to dd, the above formula suggests that to improve resolution, a shorter 

wavelength and larger refractive index is the approach to take.  However, for TEM, these 

are not the only properties which determine the resolution, the spherical aberration 

coefficient, which is the property of the development of the lens of the microscope, also 

affects the overall resolution of the instrument.

The electron microscope utilizes these principles by using extremely short 

wavelengths of accelerated electrons to form a high resolution image.  Electrons have 

both wave and particles properties.  The wavelength of a beam of electron is dependent 

on its energy; De Broglie related the wavelength of an electron beam to the accelerating 

voltage, given by the following equation:

vV

150
1.0

                       (2.10)

where, Vv is the accelerating voltage.  For a voltage of 60,000 a V wavelength of 0.005 

nm can be generated which is shorter by a factor of 105 than visible light.  TEM uses the 

wavelike properties of the electron to create extremely small wavelengths and is capable 

of imaging atomic structures. 

Electrons emanating from the electron gun pass through a series of 

electromagnetic lenses called condenser lens which focus the electron beam onto a very 

thin sample.  An electron beam passing through the specimen is then focused onto the 
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viewing screen by an objective lens, apertures and a series of intermediate and projector 

lenses.  Photographic film or a CCD camera along with a computer is used to record the 

image.  The next sections describe the different parts of the instruments. 

2.6.3 Transmission Electron Microscope Configuration

The instrument is made up of three main components: 

(a) Column;

(b) Evacuation system;

(c) Electrical Supply

Figure 2.18 shows a schematic of the TEM column, which consists of a series of 

lenses and apertures, an electron gun, and a viewing screen. 

2.6.3.1 Electron Gun

The electron source is an important part of the TEM column because generating a 

stable source of electrons to illuminate the specimen is critical to get the best images.  

There are mainly two types of electron sources: thermionic and field emission sources.

Thermionic sources are either tungsten filaments or LaH6 crystals; it is called 

thermionic because it emits electrons when it is heated.  A field emission gun is made up 

of a cathode (fine tungsten needle) and two anodes.  First, an anode generates an electric 

field resulting in the extraction of electrons from the tip of the needle.  The second anode 

accelerates the electrons.
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2.6.3.2 Gun Alignment Coils

Gun alignment coils are used to direct the electron beam to the center of the 

optical axis.  

2.6.3.3 Condenser Lenses

The instrument consists of a couple of condenser lenses.  These lenses are 

electromagnetic lenses and are a magnetic equivalent to glass lenses in an optical 

microscope.  First, a condenser lens is used to control the spot size of the beam.  The 

instrument offers three different beam diameters, nano, fine and macro for different 

imaging.  Second, a condenser lens is used to control the brightness of the electron beam.  

Both the lenses together focus the electron beam onto the sample.

2.6.3.4 Condenser Apertures

A condenser aperture is used to allow only a certain amount of electrons to reach 

the specimen.  It acts as a restriction for electrons both to protect the sample from over-

heating and to limit the generation of x-rays.  Apertures are available in different sizes 

and they are adjusted based on the applications.   

2.6.3.5 Condenser Stigmator

Often times the condenser lenses introduces astigmatism into the imaging beam. 

Stigmators are used to correct such astigmatism, i.e., to make the beam as symmetrical as 

possible.  They are made up of electromagnetic poles and can adjust beam diameter in 

both x and y directions.

2.6.3.6 Beam Tilt



                                                                                                                             129

Beam tilt is used to align the beam to the optical axis before it reaches the 

specimen.  It can translate the beam with respect to the specimen as well as tilt the beam. 

2.6.3.7 Objective Lens

The objective lens is used to form images and a diffraction pattern.  Typically, a 

strong objective lens is used to decrease the focal length.  This is because a shorter focal 

length results in less aberration, which in turn, results in better resolution.  It is also 

difficult to make because the specimen is located very close to the lens.

2.6.3.8 Objective Aperture

An objective aperture is placed in the back focal plane of the lens and is used to 

stop any stray electrons.  It comes in varying sizes, thus varying the number of electrons 

leaving the aperture.  It also increases the contrast of the image.  It is made up of a 

refractory metal, usually molybdenum or brass.

2.6.3.9 Objective Stigmator

Like the condenser Stigmator, an objective Stigmator also corrects any 

astigmatism in the objective lens.  It also consists of normally eight electromagnetic poles 

which creates a field in different directions depending on the current applied to each pole. 

2.6.3.10 Specimen Holder

A specimen holder is used to insert and remove the specimen into the column.  A 

specimen can either be a very thin disc or mounted upon an electroformed mesh known 

as a specimen grid.
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2.6.3.11 Intermediate and Projector Lens

These are a series of electromagnetic lenses which are used to magnify the images 

and to focus the image onto the viewing screen.  The first intermediate lens also 

determines whether the analysis being done is electron diffraction or imaging.

Figure 2.18: Schematic of TEM column
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2.6.3.12 Viewing Screen

The image of the specimen or the diffraction pattern of the specimen is formed on 

the viewing screen. 

2.6.4 Imaging Mode

There are three main imaging methods which are often used.  These are bright 

field image, dark field image and high resolution image.  Different mechanisms are used 

for each imaging method.  The main principles used are based on elastic and inelastic 

scattering.  In elastic scattering electrons from the main beam interact with the atomic 

nucleus of the atoms in which the electrons are deflected by a large angles with little loss 

in energy.  This form of interaction occurs because the mass of the nucleus is much 

greater than the electrons.  In inelastic scattering the incident beam of electrons interact 

with valence electrons of the atoms, resulting in a loss in energy of the incident electrons 

but with little change in direction.  This is because of the interaction of equal mass of 

bodies.  These interactions result in phase contrast and amplitude contrast which is 

important for image formation.  Different imaging modes in TEM are very useful in 

imaging internal microstructure of materials.  In addition, the pattern formed by the 

diffracted electrons provides valuable information about crystalline structure.  Images in 

TEM are either formed by using the transmitted beam spot or some or all of the diffracted 

electrons.  In order to choose which electrons form the image, an objective aperture is 

inserted into the back focal plane (the plane where the diffracted image is formed) of the 

objective lens, thus blocking most of the diffraction pattern except that which is visible 
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through the aperture.  The back focal plane is situated below the sample and the objective 

lens.  An objective aperture is adjusted externally so that either the transmitted electron or 

some of the scattered electrons go through it.

A bright field image is obtained when the electrons from the direct beam are 

allowed to pass through the aperture.  This imaging mode takes advantage of mass 

thickness or mass contrast and diffraction contrast for micro structural imaging.  Bright 

Field mode is normally used to image grain and defect structures within materials.  The 

Dark Field imaging mode makes use of the specific Bragg diffracted electrons to image 

the region from which they originated.  It is mainly obtained for a crystalline sample with 

which incident beam electrons undergo elastic scattering.  Dark Field is primarily used 

for imaging closely planar defects, stacking faults and particle size.  High resolution 

imaging is one of the advantages of using TEM.  Atomic scale resolution is obtained in 

TEM by phase contrast technique.  To obtain a high resolution image, a transmitted beam 

along with four diffracted beams, are allowed to pass through the objectives lens 

aperture.
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CHAPTER 3

EXPERIMENTAL METHODOLOGY 

3.1 INTRODUCTION

In order to investigate the basic interactions between moisture molecules and 

porous low-k dielectric films, or the interactions between moisture molecules and gas 

delivery transfer lines, it is important to perform a systematic experimental method of 

approach study to determine moisture loading capability of these materials and moisture 

uptake and removal rate in porous low-k materials and in gas delivery systems.  In 

addition, as far as low-k materials are concerned, one is interested in the diffusivity and 

solubility of moisture in porous low-k films, while, as for the gas transfer line is 

concerned, one would be interested in the rate constants of adsorption and desorption, 

and surface adsorption capability on the tube wall.  The effects of purging operation 

conditions, such as temperature, flow rate and purging gas purity on moisture removal 

also would be helpful for actual application in industry.    The experimental design and 

setups are discussed both for the gas phase study using mass analyzers and in-situ 

characterization using FTIR.  The experimental setup should generate accurate and 

repeatable adsorption and desorption data, which will not only determine moisture 

loading, but also will be used to determine the fundamental parameters mentioned above.

The clean test section was first exposed to impurity-laden gas in a controlled 

fashion as described below.  The impurity concentration was monitored in real-time using 

different analytical tools depending on the concentration range and information wanted 
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(in-situ or gas phase).  The amount of contaminants adsorbed during exposure and 

removed during purging can be obtained by an overall mass balance.  

Characterizing the adsorption and desorption behavior of the porous low-k films 

will help in successfully integrating these films in semiconductor processing, and 

thoroughly understanding moisture adsorption and desorption on gas delivery lines is 

useful in predicting dry-down time and purging gas usage.

Mass spectrometers and CRDS are used to detect the change of moisture 

concentration in the gas phase; FTIR is applied to monitor the change of moisture and/or 

IPA concentration in the bulk of porous low-k films, and the change of film composition 

and chemical structure during exposure and cleaning.  

3.2 EXPERIMENTAL STUDY WITH MASS SPECTROMETER

3.2.1 Experimental Setup 

Figure 3.1 shows the experimental setup used to study the interactions of trace 

levels of moisture with porous low-k dielectric films or gas transfer lines, which typically 

are made up of Electro Polished Stainless Steel (EP SS).  

The experimental set-up primarily consists of three sections: system of impurity 

generating and gas mixing, test sections or reactors, and analyzers.  The schematic of the 

set-up is shown in Figure 3.1.
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3.2.1.1 System of Impurity Generating and Gas Mixing 

The impurities in ppb ranges are generated by a permeation tube, while ppm 

ranges are generated by a moisture or IPA bubbler, see Figure 3.2.  The gas mixing 

section was designed to allow delivery of purge gas as well as challenge gases including 

the carrier gas (N2), and known levels of impurities in a well-defined and rapid manner to 

the test section or reactor.  Saes® heated getter was used as a purifier to attain UHP gas 

with a moisture concentration less than 1 ppb.  Accurate calibrated gas mixtures could 

also be prepared using the gas mixing set up.  A permeation device provides stable 

concentration of a specific trace chemical, which for the present study, is moisture or 

IPA.  A moisture permeation tube from G-cal® or Kintek® was used to generate a control 

concentration of moisture and/or IPA.  The permeation rates of the moisture and IPA 

permeation tube were 124 ng/min and 104 ng/min at 50 oC, respectively, which were 

certified by NIST with an error rate less than 5% (wt) of the claimed permeation rate.

Dead volumes were minimized by eliminating stagnant parts and by continuously 

maintaining gas flow through the entire system.  The gas delivery lines, made of Electro 

Polished Stainless Steel (EP SS) 316L, were heated to minimize moisture memory 

effects.  
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Figure 3.1: Schematic of experimental setup
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Figure 3.2: Devices of generating impurities

(Bubbler for ppm levels, permeation tube for ppb levels)
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loaded onto stainless steel springs before being randomly packed into a tubular Pyrex 

reactor.  Figure 3.3 shows a typical experimental reactor.  

Figure 3.3: Experimental reactor

This arrangement provided complete mixing of gases, thus the reactor could be 

treated as a differential reactor.  In order to increase the contribution from the wafer to 

the overall adsorption/desorption process, a high wafer to glass surface area ratio was 

maintained.  The total sample surface area was 648 cm2, which is 70% of the total surface 
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area (i.e. area of glass reactor and area of wafer surface).  For porous materials, the actual 

surface area would be much larger than the wafer surface area due to the presence of 

numerous nanopores in the bulk of low-k film.  For example, assuming the porosity of 

the low-k film is 30%, the film thickness was 200 nm, and diameter is 300 mm, and 

further assuming the average pores’ diameter is 3 nm, then the total internal surface area 

of the pores is roughly 820 cm2.  The reactor was made of Pyrex because its surface 

closely resembles the surface of silicon oxide, and therefore, their outgassing 

characteristics can be assumed to be similar to the silicon oxide surface that has been 

extensively studied by this group [12, 86].

Moisture adsorbed in low-k film sticks on the surface of the pores and exposed 

surface areas.  Also moisture dissolves in the matrix of the film [47], which will further 

enhance the contribution from the sample to the overall adsorption/desorption process.  

However, it’s still necessary to quantify the moisture loading on the reactor wall and in 

sample, and it’s important that the moisture adsorption in the film be dominant in the 

overall uptake and removal or, at least, the adsorption in the sample should be 

comparable with that on the reactor wall.   Figure 3.4 compares the dynamics of moisture 

uptake and removal of the empty reactor and sample-filled reactor under sample 

experimental conditions.  The x-axis is the challenge or purge time, the y-axis is the 

moisture concentration at the exit of the reactor.  First, 56 ppb of moisture was 

challenged into the empty reactor or filled reactor. Once the process had reached 

equilibrium, it was switched to an isothermal purge with UHP N2.
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Figure 3.4a: Dynamics of moisture uptake of empty reactor and filled reactor

Figure 3.4a shows the adsorption process, and Figure 3.4b shows the desorption 

process. Based on a mass balance, by calculating the area above the adsorption profile, 

one can estimate the total amount of moisture adsorbed on an empty or filled reactor, 

whereas, calculating the area below desorption profile gives the amount of moisture 

removed within a certain time.  The moisture loading on the empty reactor is 28.6% of 

that of the filled reactor, after 1000 minutes of isothermal purge, the percentage of 

moisture removal of the empty reactor is 64%, while in case of   the filled reactor, the 

number is 43.7%.
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Figure 3.4b: Dynamics of moisture removal of empty reactor and filled reactor

In Figure 3.4a, the increase of moisture concentration at the outlet of the reactor is 

faster than that of the filled reactor, this is due to the factor that adsorption not only takes 

place on the wall of the reactor, but also in the low-k films.  The results show that 

moisture adsorption in the low-k samples dominates the overall adsorption process.  

While during the desorption process as shown in Figure 3.4b, the moisture concentration 

at the outlet of the reactor for the case of filled reactor is much higher than that of the 
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low-k films during the challenge or adsorption process is higher than that on the wall of 

the empty reactor.

However, Figure 3.4 revealed that though the moisture adsorption in low-k film 

dominates the overall adsorption/desorption process, the contribution from the reactor 

wall is not trivial and cannot be neglected.  How to address this issue is challenging.  It’s 

relatively simple to deal with moisture loading.  Subtraction of the moisture loading on 

the reactor wall from the overall loading of the filled reactor under the same experimental 

conditions will give the exact loading in the low-k sample.  While in cases of the 

dynamic data of the contributions from the wall and from the sample, they have to be 

decoupled through mathematical modeling.  The characteristics of moisture 

adsorption/desorption on the Pyrex reactor is not the concern of this study, as mentioned 

earlier,  the characteristics can be assumed to be similar to the silicon oxide surface.  The 

model of moisture adsorption and desorption on the wall of Pyrex reactor was developed 

by Raghu et al [12], and model prediction fits very well to experimental data.

The ends of the reactor were sealed with Chemglass® graded-glass seals which 

connect the Pyrex reactor to Swagelok® VCR metal fittings.  The packed-bed reactor 

containing the wafer coupons was kept at a controlled temperature using a programmable 

furnace to study the isothermal adsorption and desorption process.  One drawback of 

using the Pyrex reactor was that moisture from the ambient could permeate through the 

reactor wall at a temperature higher than 300 oC as shown by previous studies done by 

Verghese [110].  In this research, in order to figure out the highest temperature at which 
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the moisture permeation through the wall of Pyrex reactor is negligible, the following 

experiment was designed.  

An empty Pyrex reactor was put in the position of the test section as shown in 

Figure 3.1. Then the reactor was purged with UHP N2 and heated with temperatures 

ramped-up in the following sequence: 30, 100, 200, 250, and 290 ºC (for ppb level tests 

with CRDS or APIMS) or 380 ºC (for high ppm level tests with EIMS).  Each time the 

temperature was increased, it was maintained until there was no change of moisture 

signal (typically this process was more than 36 hours). Then the moisture reading was 

recorded.  Figure 3.5 shows the moisture reading against temperature on APIMS.  This 

result proves that the moisture permeation from the ambient at a temperature less than 

290 ºC is negligible, whereas, when the temperature is higher than 300 ºC, the moisture 

permeation from the ambient is significant.  Therefore, with APIMS or CRDS 

measurement, the temperature range studied was from 30 o C to 290 ºC.  With EIMS 

measurement, the moisture permeation through the reactor wall is not significant at 380 

ºC. 

Study of the adsorption and desorption processes on a short gas delivery pipe with 

2.0 inch diameter and 14 inch in length that is used to figure out the kinetic parameters 

was also heated by the furnace.  Since typically at temperatures higher than 170 ºC the 

surface properties of EP SS 316L will be permanently altered [111], in this research, the 

temperature ranges between 30 ºC to 170 ºC.  The long test sections were purged for a 

long time with UHP N2 for cleaning, usually after the baseline had been reached; there

should be 24 hours of extra purging.
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Figure 3.5: Permeation of moisture through Pyrex reactor at different temperatures
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(1) Pre-purge/bake:  The as received low-k samples or test EPSS tubing were 

first cleaned with UHP nitrogen purge gas at a high temperature bake to clean low-k film 

or gas delivery tubing.

(2) Isothermal Adsorption:  The cleaned sample was first exposed to an

impurity- laden carrier gas at a known concentration and temperature until the surface 

came into equilibrium with the challenge gas.  This constituted the adsorption cycle 

during which moisture or IPA was incorporated into the bulk of the porous low-k film or 

was adsorbed on the tubing surface.

(3) Isothermal Desorption:  Following the isothermal sorption process, the 

desorption cycle was initiated by switching to an ultra-pure nitrogen purge.  Isothermal 

desorption was kept until the moisture concentration in the reactor or tubing outlet gas 

reached the background level.

(4) Bake Cycle:  The Pyrex reactor loaded with low-k samples was purged 

and baked under UHP N2 up to 250 ºC by temperature ramp-up to desorb any residual 

contaminants in the films.   The sample of gas delivery EPSS tubing was purged with 

UHP N2 and baked up to 180 ºC by temperature ramp-up to desorb residual moisture on 

the tubing wall.  This step is important to achieve similar starting conditions for the film 

or surface for each experiment. 

Moisture and IPA concentration at APIMS was measured by an 18 and 45 mass to 

charge m/e ratio, respectively.  CRDS can directly give moisture readings.  Figure 3.6 

shows a schematic of the experimental procedure.  By calculating the area above the 

adsorption profile, one can estimate the total amount of moisture adsorbed in the film or 
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on the tubing wall, whereas, calculating the area below desorption profile gives the 

amount of moisture and/or IPA removed within a certain purging time.  Figure 3.7 shows 

a typical outlet-gas concentration profile as measured by a mass spectrometer.

Figure 3.6: schematic of experimental procedure

Figure 3.7: A typical temporal outlet-gas impurity concentration profile 
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3.3 EXPERIMENTAL STUDY WITH FTIR

3.3.1 Experimental Set-up

As shown in Figure 3.8, a unique setup was developed in this research for real 

time and in-situ characterization of the process of moisture and/or IPA adsorption and 

desorption in porous low-k dielectric films.  The experimental setup consists of three 

sections: the impurity generating and gas mixing section, the sample cell, and the 

analyzer (FTIR).  UHP N2 is used as the carrier and diluent gas.  The gas mixing system 

delivers purge and challenge gas to the reactor in a well-controlled fashion.  The stagnant 

zones in the system were minimized. 

For the purpose of increasing the sensitivity, the sample cell is designed in such a 

way that several sample coupons (1 inch × 1 inch) can be placed parallelly in the path of 

the IR beam to make sure there are enough signal responses.  The novel design of the cell 

allows well-controlled challenging and purging of the samples. The surrounding medium 

is completely separated with the sample cell in such a way that the samples will only be 

contacted with either challenging or purging gas.  A transmission mode has been used in 

this study.  A Mercury Cadmium Telluride (MCT) detector is used to further enhance the 

sensitivity of absorbance.
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Figure 3.8: Schematic of FTIR experimental setup

Since the purpose of this study is to explore the dynamics of impurity adsorption 

intensity in low-k film and/or change of film composition and structure, during the

purging process, the cell must be well-purged in such a way that there is no accumulation 

of gas phase impurity because the presence of interested impurity in the gas phase will 

disturb the measurement of the impurity in film.  Figure 3.9 and Figure 3.10 show the 

efficiency of purging the cell.  In the case of Figure 3.9, 4000 ppm of IPA was challenged 

into an empty cell.  After the cell was saturated with IPA, the cell was purged with UHP 

Mass flow 
controller

Bubbler

UHP N2

Temperature 
controller

Furnace

Mass flow 
controller

Mass flow 
controller

Purifiers

FTIR chamber

Coupons

Challenge gas

Outlet gas

Incoming 
IR

Detector

Mass flow 
controller

Sample cell

Mass flow 
controller

Bubbler

UHP N2

Temperature 
controller

Furnace

Mass flow 
controller

Mass flow 
controller

Purifiers

FTIR chamber

Coupons

Challenge gas

Outlet gas

Incoming 
IR

Detector

Mass flow 
controller

Sample cell



                                                                                                                             149

N2 at the flow rate of 2 slpm. Scans are taken at every 30 s time intervals.  Wave 

numbers 2950 – 3000 cm-1, which corresponds to CH3 asymmetric and symmetric 

stretching mode, is used to characterize IPA.  These occur at 2977 cm-1 and 2922 cm-1

respectively.  The signal noise level is around 0.001 in this wave number range.  The 

integrated area is plotted against time as shown in Figure 3.9.  As observed from Figure 

3.9, 99.8 % of the IPA in gas phase is removed in less than 30 s.  This result suggests that 

the cell has very good purge efficiency and the gas accumulation of IPA is negligible.  

The inset to Figure 3.9 shows the time required to purge the remaining IPA gas from the 

cell.  The slow process towards such a small concentration level could be because of 

desorption of IPA on the walls and the windows of the cell. 

Similar experiments were done to test moisture removal efficiency.  Initially, the 

empty cell was equilibrated with 2800 ppm of moisture, next it was purged with 8 slpm 

of UHP N2.  In this research, peaks in the band of 3200 cm-1 to 3800 cm-1, which 

correspond to O-H stretching bonds, were selected to characterize moisture [112].  The 

signal noise level is about 0.005 in this wave number range.  The purge dynamic data is 

shown in Figure 3.10.  It was also found that after 53 seconds around 99.1 % of the

moisture in gas phase had been removed.  The moisture purge efficiency is slightly less 

than IPA because the desorption rate of moisture on the cell wall and IR windows is 

slower than that of IPA.  However, the time scale of moisture desorption in porous low-k 

film is much larger than that of the cell [47, 48], hence, it was concluded that the gas 

accumulation can be neglected under 8 slpm of the purging flow rate.
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This set-up allows studying the dynamics of impurity outgassing but not the 

adsorption since, during the adsorption process, the impurity concentration in the gas 

phase typically dominates the overall adsorption, while during the cleaning or purging 

process, there is no impurity accumulation in the gas phase and only the impurity in the

solid film is measured; the results could be used to extract fundamental physical 

parameters such as diffusivity and solubility of impurities in low-k films.  The cell can be 

used to study a wide range of concentrations using the gas mixing setup as well as a wide 

range of temperatures ranging from room temperature to 200 oC.

.  

Figure 3.9: Purge efficiency of FTIR cell (IPA)
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Figure 3.10: Purge efficiency of FTIR cell (moisture)
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(3) Isothermal Desorption:  Following the isothermal sorption process, the 

desorption cycle was initiated by switching to UHP N2.  Isothermal desorption was 

carried out until the moisture concentration (adsorption area under signature peaks) did 

not change anymore.

(4) Bake Cycle:  The sample cell was purged and baked under ultra-pure 

nitrogen up to 200 o C to remove any residual contaminants from the wafer.  
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CHAPTER 4

INSTRUMENTATION CALIBARTION AND SAMPLING LINE

Typically the EIMS, CRDS, APIMS and FTIR give different output types of 

measurement.  In the case of EIMS, the direct reading of impurities is the ion current in 

Amperes, while CRDS delivers an absolute concentration reading of measurement, such 

as ppb.  In the case of APIMS, the response of the system is given as counts per second.  

As far as quantitative analysis of FTIR measurement is concerned, the peak areas of the 

signature peaks of the impurities one is interested in examining are provided.

The purpose of the calibration has two important applications: first, to build the 

relationship between the reading on analyzers and the actual input concentration; second, 

to test the linearity response of the analyzer within a certain measurement range.  The 

previous students in this group found that, in a low-ppb range and high-ppm range, there 

were deviations from linearity [113-117].  The calibration procedure is as follows: a 

known and accurate concentration of an impurity is generated and fed to the analyzers to 

get a corresponding reading. This procedure must then be repeated to get more data 

points that ideally should cover the minimum detection levels and the maximum 

detection levels of the analyzers; or select a range the experiments will be run in.
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4.1 INSTRUMENTATION CALIBRATION

4.1.1 EIMS

The ppm levels of moisture and IPA were generated by bubbler.  The vapor 

pressure of water and IPA is a unique function of temperature [118].  The vapor pressure 

can be estimated by Antoine’s equation: 

CT

B
AsatPlog




                                                            (4.1)

where A, B, and C are the values of Antoine constants, and the values are listed in 

references [119, 120].  

Once the temperature is fixed, the moisture and IPA concentrations in N2 depend 

only on the flow rate of N2.  Varying levels of impurity concentration are generated by 

controlling the ratio of the sample gas and zero gas.  By knowing the concentration of 

impurity of interest in the sample gas and flow rates of sample gas and zero gas, it is easy 

to estimate the concentration of impurity in the calibration gas.

The calibration on EIMS includes two parts: first using a bubbler and moisture 

permeation tube with a high permeation rate to generate known concentrations of 

moisture and get corresponding readings on EIMS, the linearity range of the EIMS 

measurement will be determined.  Meanwhile, this is a method to test whether the 

estimation of moisture concentration by the Antoine equation is accurate enough.  Figure 

4.1 illustrates that between 70 ppm to 800 ppm, the EIMS unit has a perfect linearity 
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response.  The R2 values of the two curves are larger than 0.998.  The moisture source for 

the curve with the R2 value of 0.9997 is the moisture permeation tube, which can 

generate 500 ppm of moisture under a 500 sccm flow rate at 80 ºC. This is certified by 

NIST.  The manufacturer of this permeation tube is Kintek®.  The source for the curve 

with the R2 value of 0.9985 is moisture bubbler.  Comparing the two curves on Figure 

4.1, it was found that the bubbler is a good source for generating moisture for this study 

due to three reasons: the estimation of moisture concentration by the Antoine equation is 

sufficient and the error rate is negligible; the bubbler can generate much higher 

concentrations than the permeation tube, and it is relatively easier to refill in water to the 

bubbler while the lifetime of the moisture permeation tube is very short at 80 ºC.  

Therefore, the moisture bubbler was used for the purpose of generating high 

concentrations of moisture.

If the N2 flow rate through the bubbler is too high, then the gas may not be 

saturated with moisture.  As shown in Figure 4.2, when the N2 flow rate is higher than 20 

sccm, the actual reading on EIMS deviates from the expected reading significantly.  

Therefore, the flow rate of N2 through the bubbler was maintained below 20 sccm in this 

study.  Figure 4.3 shows the calibration curve of IPA with EIMS in the range of 50 ppm 

to 1000 ppm is linear.



                                                                                                                             156

Figure 4.1: Moisture calibration with EIMS

Figure 4.2: Deviation from saturation at high flow rates
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Figure 4.3: IPA calibration with EIMS
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Figure 4.4: Moisture calibration with CRDS
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Figure 4.5: Moisture calibration with APIMS

Figure 4.6: IPA calibration with APIMS
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In the previous study [113-115], this group also found the nonlinearity at high 

concentrations to be typically higher than 200 ppb.  This is primarily because of plasma 

saturation in the ionization source.  Carrier gas ions are depleted at high impurity levels, 

thus resulting in an inefficient secondary ionization, while the non-linearity at low 

concentration levels is due to the impurity background levels.

4.1.4 FTIR

In this study, the FTIR unit was used to try measuring dynamic data of moisture 

and IPA outgassing from porous low-k dielectric films.  This work was a preliminary try.  

Quantitative analysis of the experimental data through an FTIR measurement, such as, 

extracting the film properties, has not been done yet.  The data was mainly applied for 

qualitative analysis and assisting in elucidating experimental data through APIMS, EIMS 

or CRDS.  Therefore, essentially no calibration of moisture and IPA is required.  

However, in order to test the linearity response of the instrument, the IPA calibration was 

done.  The results, shown in Figure 4.7, prove that the instrument works very well.  

Furthermore, the curve also proves that associating the area below the peak area of 

species with the concentration of the species is a proper method.  As far as IPA is 

concerned, the signature peak of -CH3 stretching mode, 2950-3000 cm-1 was used to 

characterize IPA.
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Figure 4.7: IPA calibration with FTIR
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controllers, and particle filters.  This entire assembly, which includes all these 

components, is referred to as the “transfer line” in this study.

The effect of the transfer line on the sample characteristics and properties is 

basically due to the fluid transport effects (dispersion and residence time) in the line as 

well as the adsorption and desorption of fluid constituents on the surfaces of the 

components of the transfer line that come in contact with the fluid.  In general, adsorption 

of a species will lower the composition in the fluid phase and result in the point-of-

analyzer reading being smaller than the actual value at the point-of-sampling.  

Desorption, on the other hand, has the opposite effect and will result in the measured

value to be higher than the actual concentration that one is trying to measure.  These 

errors and alteration of composition by transfer line are negligible for steady-state 

operations.  However, during the transient process, relating what is measured to what one 

is trying to measure is far from trivial; in certain cases, this kind of difference can cause 

disaster to semiconductor manufacturing processes.  For example, there can be a sudden

intrusion of moisture into the UHP gas delivery systems due to improper operations.  In 

this case, the moisture has already arrived at the tools before the abnormal increase of 

moisture concentration in the system is detected by the analyzers.  Even the analyzer can 

detect the changes of moisture concentration, but this change may not exactly be the ones 

occurring at the tools.  

In this research, since dynamic data will be measured and analyzed.  Therefore, it 

is critical first to understand the delay of signal transferring due to the existence of the

sampling line. 
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4.2.1 Delay of Signal Response of EIMS

As discussed in Chapter 2, a capillary that is made up of fused silica is used to 

deliver 1 to 5 sccm of fluid to the analyzer.  The adsorption of polar species, such as 

moisture and IPA, on SiO2 surfaces is significant [12, 15, 16, 121, 122]. The capillary is 

kept heated in a heating jacket in an effort to partially remove the effects of surface 

adsorption.  Figure 4.8 and Figure 4.9 show the effect of heating on signal delay.  In 

Figure 4.8, before the challenge started, the system had been purged with UHP N2 for a 

long time until the moisture baseline in N2 had been reached. Then a positive step input 

with 750 ppm of moisture was fed into the capillary and the signal response on EIMS was 

recoded against input time.  In Figure 4.9, a negative step input with UHP N2 followed 

the above challenge process once the moisture concentration had reached equilibrium 

during the positive step input process.  Similarly, signal response at EIMS versus purge 

time was plotted.  The maximum temperature of the heating is around 65 ºC.  As shown 

in Figure 4.8 and Figure 4.9, heating at 65 ºC only, can very slightly benefit the signal 

response, but it cannot fully remove the signal delay.  The volume of the capillary is 

roughly 0.007 cm3.  The flow rate is about 5 sccm, therefore, it can be estimated that the 

average residence time of a molecule in the capillary is in the order of magnitude of 

0.001 minute.  As shown on Figure 4.8, it takes more than 30 minutes to reach the 

equilibrium concentration (750 ppm of moisture) during the challenge process, while it 

takes more than 15 minutes to close the clean N2 level during the purge process.  

Therefore, it can be concluded that the delay is from the capillary surface effect.  
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Figure 4.8: Effect of heating on EIMS signal delay in adsorption
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Figure 4.9: Effect of heating on EIMS signal delay in desorption

Figure 4.10: Effect of capillary on overall EIMS signal response (adsorption)
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Figure 4.11: Effect of capillary on overall EIMS signal response (desorption)

4.2.2 Delay of Signal Response of CRDS

The signal delay during the measurement of the dynamic data of CRDS is much 

less as compared to the EIMS.  Figure 4.12 shows the response of CRDS to negative step 
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films was attached to the system.  As we can see from this figure, it takes about 30 

minutes to dry down the sampling line from 450 ppb of moisture to 20 ppb, while for the 

same concentration range, it takes 280 minutes to dry down the sampling line and the 

loaded reactor.
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Figure 4.12: Dry-down of the CRDS sampling line and the reactor

4.2.3 Delay of Signal Response of APIMS
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Figure 4.13: Dry-down of the APIMS sampling line and the reactor
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it is absolutely necessary to solve the sampling line issue.  For CRDS, in order to 

minimize the error, it is better to decouple the sampling line from the overall system.

Figure 4.14: Schematic of the presence of sampling line

There are two ways to minimize the effect of a sampling line.  One way is to 

design a novel sampling line with minimum effect.  The other way is to model the 

sampling line.  As shown in Figure 4.14, typically in the adsorption and desorption 

procedure, the inlet concentration C0 is known, which can either be the challenge 

concentration or purge gas concentration.  What one is really concerned about is the C(t) 

at point B or the temporal profile of impurity concentration in the effluent of the reactor.  

Once the characteristics of the sampling line are known, one can couple the model of the 

reactor with the model for the sampling line. Then the model data at point C can be fit to 

the actual reading data at the analyzers.  By a numerical method, the C(t) at point can be 

backtracked.
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model prediction at point C with the actual experimental output at this point.  Unless the

model fits to a wide range of concentrations or an experimental matrix, the above process 

should be repeated.

4.3.1 Mathematical Modeling of the Sampling Line of EIMS

The gas flow in the sampling line, which is essentially dominated by the capillary, 

is quite complex due to the fact that one end of the capillary is close to atmospheric 

pressure while the other end connects to a vacuum system.  The flow rate varies with 

respect to the different location of the capillary.  A model of dispersion plus surface 

adsorption/desorption was initially tried to fit the experimental data, but it could not fit

the whole experimental matrix.  Then a model of CDTR, plus surface 

adsorption/desorption, was developed and it was found that if the volume of the capillary 

and flow rate are kept as fitting parameters, this model can fit the experimental matrix 

effectively.  

The model of the sampling line is shown as follows,

S0 C) - k-C (SC k
dt

dC
desSgads

S 

(4.1)

)()( 0 SdesSgadsgb
g C) - k-C(SCk

V

A
CC

V

Q

dt

dC


(4.2)
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where, CS is the surface concentration of the impurity on the capillary wall; kads: the

adsorption rate constant; S0 is surface density; kdes is the desorption rate constant; Cg is

the impurity concentration gas phase after the capillary; Q is the volumetric flow rate 

through the capillary; V is the volume of the capillary, Cb is the gaseous phase 

concentration at the inlet of the capillary; and A is the surface area of the capillary.  And 

kads, kdes, S0, Q, A and V are fitting parameters, which are listed in Table 4.1 for moisture 

and IPA, respectively.

      Figure 4.15 and Figure 4.16 show the model fitting to experimental data for IPA and 

moisture, respectively.  It can be seen that the models fit well with the experimental data.

Table 4.1: Fitting parameters of EIMS sampling line

  Parameters

Species

S0

(mol/m2)

A

(m2)

V

(m3)

Q

(m3/s)

kads

(m3/s/mol)

kdes

(1/s)

Moisture 4.01e-4 5.64e-1 7.82e-3 1.66e-4 1.27e-1 1.80e-3

IPA 4.86e-4 11.28 7.82e-3 7.44e-4 4.40e-2 1.80e-2
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Figure 4.15: Model validation of EIMS sampling line (moisture)

Figure 4.16: Model validation of EIMS sampling line (IPA)
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4.3.2 Mathematical Modeling of the Sampling Line of CRDS

The model for the sampling line of CRDS is a model of dispersion plus surface 

reaction, which is shown in Equation 4.3 and Equation 4.4:

)]C(SCkC[k
t

C
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(4.4)

where Cs is the concentration of species on the surface; S0 is the number of active surface 

sites; Cg is the moisture concentration in bulk gas; u is the gas velocity; DL is the 

dispersion coefficient; A is the cross-sectional area of the dispersion reactor, L is the 

equivalent length, As is the exposed surface area for adsorption / desorption of species, 

kads is the adsorption rate coefficient, kdes is the desorption rate coefficient and DL, A, L, 

kdes and kads are fitting parameters.

Figure 4.17 shows the model fits very well with the experimental data.  The most 

important point is that by model fitting, it is possible to infer the moisture concentration 

at point B during the transient process.
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Figure 4.17: Model validation of CRDS sampling line (moisture)
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Figure 4.18: Application of the EIMS sampling model 
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CHAPTER 5

UPTAKE AND RETENTION OF MOISTURE AND IPA IN POROUS LOW-K 

DIELECTRIC FILMS – EXPERIMENTAL STUDY

5.1 INTRODUCTION

According to the projection of the 2007 version of the ITRS roadmap [8], by the 

year 2013, the bulk dielectric constant should be around 2.0.  In order to reach low 

dielectric constant values, typically there are two approaches in parallel.  One way is to 

select materials with low polarity and small density, such as organic polymers [123].  The 

other way is to introduce pores into a low-k film matrix to achieve ultra-low-k value (less 

than 2.0) due to the fact that the k value of air is close to 1.0.  Implementation of low-k 

and porous low-k dielectrics in a manufacturing environment requires an understanding 

of the characteristics of the novel materials and the challenges that appear in the 

integration of these materials into the semiconductor processes, including thermal and 

mechanical stability, as well as electrical and chemical characteristics.  Although there 

are several low-k materials being used in integrated circuit manufacturing, each of them 

has its own advantages and drawbacks, and none of them can completely replace the 

traditional ILD, silicon oxide [123].  Introducing pores into low-k materials further 

decays their mechanical strength and makes them more susceptible to molecular 

contaminants, which not only exist in the ambient environment of the cleaning room, but 

are also generated in patterning processes, wet and dry cleaning processes [124-128], and 

by outgassing of the wafer storage cassette and the plastic components of tools [129-131].  
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While the existence of molecular contaminants in low-k film results in a series of adverse 

effects, such as, deterioration of the interface adhesion between the low-k film and the 

cap layer due to the gradual impurity (moisture or organics) outgassing during the 

subsequent high temperature processes, and intrusion of trace amounts of moisture 

directly raise the effective k value of the film and increase the leakage and reduce the 

breakdown strength of the film [132-135].    

Therefore, it’s crucial to investigate the capacities of moisture absorption, as well 

as the dynamics of moisture uptake and removal in porous low-k dielectric films.  From 

the point of preventing molecular contaminants, two essential requisitions need one’s 

concern. One, the material is not prone to contaminants or has less affinity to the 

contaminant molecules.  For example, an intrinsic hydrophobic material is less 

susceptible to polar molecular contaminants than hydrophilic materials.  Organic 

polymers and hybrid polymers are representatives of such materials [136-139].  The other 

concern is that the impurities should be ready to be removed in low-k films at elevated 

temperatures with dry (UHP) gas and the removal process will not cause any damage to 

the low-k films under the thermal annealing process.  In most cases, depositing a dense 

thin cap layer (typically less than 50 nm) on low-k film is a good approach against the 

penetration of moisture and/or other impurities (metal diffusion) into low-k films 

underneath, even though the introduction of the cap layer may slightly increase the 

effective k value. [140-143].

This chapter will show the comparison of moisture loading on silicon oxide and in 

two types of porous low-k films, p-MSQ and BDIIx; moisture equilibrium loading 
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(solubility) in blanket and processed films, and the dynamics of moisture uptake and 

removal under different challenge and purge conditions, and how the presence of trace 

amounts of IPA in dry gas affect moisture uptake and removal in porous low-k films.   In 

order to thoroughly understand the interaction mechanism of moisture molecules with 

low-k films, the techniques of FTIR, mass spectrometers and CRDS were used.  The 

mass spectrometers and CRDS can detect ppb levels of moisture in the gas phase and 

grant moisture loading values in the films by a simple mass balance calculation, while 

FTIR was used for high concentration analysis.  Moreover, the shifts of chemical 

structure and composition of the porous low-k films during exposure to moisture and 

clean or dry gas can be captured by FTIR.  

5.2 EXPERIMENTAL

The purpose of running experiments with porous low-k films was to study the 

dynamics of moisture adsorption and desorption, moisture loading, and further to 

determine fundamental physical and geometrical parameters of the films by model fitting, 

which will be discussed in Chapter 6.  
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Figure 5.1: Experimental setup
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In FTIR tests, the samples were sealed in the sample cell that is completely 

isolated from the environment (more details about the design of the sample cell are 

covered in Chapter 3).  

5.2.1 Experimental Procedure 

For the experiments with APIMS, the experimental procedure consists of the 

following steps: initial purge and bake, isothermal sorption, isothermal desorption, 

followed by a baking cycle.  The detailed experimental procedure is shown in Chapter 3.  

Before each experiment, the reactor was purged and baked under dry nitrogen (moisture 

concentration less than 1 ppb) up to 290 ºC to desorb any residual molecular 

contaminants from the wafer surface.  Moisture concentration at the outlet of the reactor 

was continuously monitored in real-time during each experimental run.  

Transmission FTIR spectroscopy (Perkin Elmer 1720X or Nicolet 6700 with 

liquid N2 cooled MCTA detector) was used in-situ and online to monitor chemical 

changes in the low-k film due to moisture adsorption and outgassing.  The procedure of 

FTIR tests was similar to the above one except with higher challenge concentrations (500 

ppm to 2000 ppm levels) and lower purge temperatures (about 200 ºC).  The reasons for 

selecting higher challenge concentration are as follows: first, the design of the sample cell 

is not sufficient enough for moisture concentrations at ppb levels; second, higher 

challenge concentrations can cause larger changes to the film properties as compared to 

low concentrations because only the changes are adequate enough for which the FTIR 

will have signal a response.  Due to the tremendous heating loss of the sample cell that is 
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made up of stainless steel, the plastic components in the FTIR chamber, and the potential 

disturbance to IR at high temperatures, the maximum temperature for the FTIR study was 

200 ºC.    

The windows of the sample cell are made up of BaF2 that is hydrophobic, and 

moisture adsorption on the widows is minimized.  The spectra reported are the results of 

co-adding 256 scans at 4 cm-1 under steady state measurement, and 32 scans at 4 cm-1

under a transient process.  The background was clean low-k films or empty cell 

depending on the purpose of measurement.  The percentage of silanol groups and 

moisture molecules were calculated using integrated FTIR peaks in the range from 3200 

to 3800 cm-1, during the challenge-purge cycle.  

5.2.2 Test Samples 

Two types of porous low-k dielectric films were tested, porous 

methylsilsesquioxane (p-MSQ) and Black Diamond IIx.  The samples were fabricated 

and provided by Interconnect Group at Sematech (Austin, Texas) and Silicon Technology 

Development Group at Texas Instruments (Dallas, Texas).   

Table 5.1 lists the film type and the various processing conditions.  Some of them 

were exposed to different etch and ash plasma chemistries and conditions to simulate the 

actual integration processes of film etching and photoresist ashing. 
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Table 5.1: Samples used for the study

Film Type Conditions

p-MSQ A
Partial etch @ 10s, N2/H2 ash @ 20s, 

100nm

p-MSQ B Partial etch @ 10s, He/O2 ash @ 20s

p-MSQ C Partial etch @ 10s, H2 ash @ 20s

p-MSQ D Partial etch @ 10s, no ash

p-MSQ E Blanket and cure only

p-MSQ F JSR LKD 5109

BD IIx A k-2.3, Blanket and cure only

BD IIx B k-2.3, E-NH3 PT *

BD IIx C k-2.3, E-NH3/He PT

BD IIx D k-2.3, E- He PT

*PT: plasma treatment

5.2.3 Data Acquisition and Processing 

For the tests with the mass spectrometers or CRDS measurement, by calculating 

the area above the absorption cures, moisture loading in the tested samples under certain 

challenge conditions were calculated; by calculating the area below the desorption curve, 
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moisture removal can be inferred under certain purge conditions.  While for the tests with 

FTIR measurement, the purge dynamic data of IPA and/or moisture is plotted in such a 

way that the areas under the peaks of the fingerprint peak of IPA and/or moisture at 

different purge time were integrated by software, and then the values of the areas were 

plotted with respect to purge time.  If the initial loading value is known, the above purge 

curve can be converted to dynamics of concentration in film versus purge time.  In 

addition, FTIR was also used for structural analysis.

5.3 EXPERIMENTAL RESULTS AND DISCUSSIONS

5.3.1 Comparison of Moisture Uptake and Removal on Silicon Oxide and Low-k Films 

SiO2 had been the traditional interlayer dielectrics for several decades.  It is a 

dense material.  Therefore, the permeation of moisture and other impurities through the 

SiO2 is very slow.  Typically, the moisture molecules are adsorbed on the surface of SiO2.  

While for the porous low-k films, moisture may permeate through the thin film resulting 

in higher moisture adsorption. 

5.3.1.1 Comparison of Moisture Uptake on Silicon Oxide and Low-k Films 

Figure 5.2 compares the moisture loadings on p-MSQ F film and BD IIx A film 

for a 56 ppb moisture challenge concentration at room temperature with that of silicon 

dioxide.  Based on the adsorption profiles of moisture on SiO2, p-MSQ F film and BD IIx 

A film, the total amount of moisture molecules (mole or number of molecules) was 

calculated.  The moisture loading is defined as the number of molecules per unit surface 
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area.  The results show that the amount of moisture adsorbed in low-k films is much 

greater than on the SiO2 surface, primarily because of the high solubility of moisture in 

these films.  The higher adsorption capacity of porous low-k films compared to the SiO2

surface, suggests a significant problem of integrating low-k films in semiconductor 

processing.

5.3.1.2 Comparison of Moisture Retention on SiO2 and Low-k Films

From the previous section it was observed that low-k films have a much higher 

uptake capacity as compared to SiO2.  It is also important to know the rate of moisture 

outgassing from these films.  In order to compare moisture removal between the SiO2

surface and p-MSQ F and BDIIx A films, the films were first equilibrated with 56 ppb of 

moisture at room temperature.  Following that, the films were isothermal purged with 

UHP N2 for 10 hours.  

Figure 5.2: Comparison of moisture loading on three films
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Figure 5.3: Comparison of moisture removal on three films
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contaminant concentrations ranging from low ppb levels to high ppm levels  and 

temperatures from ambient to as high as 400 ºC in film deposition by the CVD process 

[144].  Hence, essentially, it is important to know the dynamics of moisture uptake and 

removal at different temperatures and contamination levels.  Once these behaviors are 

well-known, the processing conditions can be optimized or adjusted from the point of 

contamination prevention. 

5.3.2.1 Impact of Temperature 

Figures 5.4a and 5.4b show the impact of temperature on moisture adsorption in 

two porous low-k films, BDIIx B and p-MSQ C, respectively.  Conditions for each plot 

are given in the figures.  Similar plots were generated for other concentrations and other 

films. 

Figure 5.4a: Moisture adsorption in BDIIx B films at different temperatures
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Figure 5.4b: Moisture adsorption in p-MSQ C films at different temperatures
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reactor, but due to the adsorption on transfer lines, on the reactor wall, interior surface 

areas of mass spectrometers, and the adsorption into low-k film.  

In Chapter 3, it has been proved that the adsorption taking place in the gas 

delivery system and reactor wall is secondary as compared to the absorption in low-k 

samples.  Therefore, the delay in the early stage of the challenge process is dominated by 

the rapid depletion of moisture molecules from the challenge because the BDIIx C films 

are totally dry and clean before they were exposed to challenge gas.  Then, as the 

challenge progresses, the films slowly become saturated with moisture, the driving force 

for adsorption becomes less and the depletion rate of moisture molecules from challenge 

gas tends to be slower.  Correspondingly, on APIMS, the moisture signal climbs up and 

finally levels off.  At higher temperatures, the signal delay is much less.  This is due to 

the fact that moisture loading (solubility) in solid films at higher temperatures is much 

smaller than that at lower temperatures and therefore, at high temperatures, the moisture 

depletion in the early challenge stage is much less.  All the adsorption profiles on Figure 

5.4 prove that raising temperature favors the absorption process to reach equilibrium fast.  

This is because at a higher temperature, both moisture adsorption and desorption rate in 

low-k films are accelerated, and it takes a shorter time to reach equilibrium.

The isothermal desorption profiles following the ends of absorption profiles 

shown in Figure 5.4 are displayed in Figure 5.5, and similar plots were generated for 

other concentrations and other films.  Analyzing the desorption profiles at different 

temperatures on Figure 5.5, it is not difficult to observe that as temperatures increase, the 

desorption profile becomes much steeper.  Under identical purge flow rate and purge gas 
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purity, the moisture desorption profiles or the moisture outlet concentrations are the 

unique functions of temperature and moisture initial loading values (or the moisture 

loading values at the end of adsorption).  In other words, the combined effects of 

solubility or initial moisture loading determine the shape of the desorption profile.  

Normally, the higher temperature is, the faster impurity diffusivity will be [145].

The results on Figure 5.5 reveal that it is the moisture loading instead of the 

diffusivity which dominates the desorption profiles in the case of the isothermal purge.  

While for the case of the identical adsorption processes followed by non-isothermal 

desorption processes, the desorption profiles are unique functions of the cleaning 

temperature, one would expect the sequence of the desorption profiles to be opposite to 

the ones shown on Figure 5.5.  Unfortunately, experimentally, it’s difficult to run such 

experiments due to the fact that no furnace can raise the temperature instantly to 290 °C, 

while the temperature delay may disturb the desorption processes.

  

Figure 5.5a: Moisture desorption in BDIIx B films at different temperatures
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Figure 5.5b: Moisture adsorption in p-MSQ C films at different temperatures
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5.3.2.2 Impact of Concentration 

The impact of moisture challenge concentration on the adsorption dynamics at 

constant temperature are shown in Figures 5.6a and 5.6b for p-MSQ A and BD IIx A, 

respectively.  Conditions for each plot are given in the figures.  Similar plots were 

generated for other temperatures and films.  As expected, the total amount of moisture 

adsorbed (loading) increases as the moisture challenge concentration increases.   

Figure 5.6a: Moisture adsorption in p-MSQ A films at different concentrations
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Figure 5.6b: Moisture adsorption in BDIIx A films at different concentrations

Let’s take BDIIx A as an example to see more details about the effect of 

challenge concentration.  First, re-plot Figure 5.6b in a form of percentage of moisture 

uptake in the film versus challenge time.   The result is shown on Figure 5.7.  After 100 

minutes of challenge, for the case of 56 ppb of challenge,  the percentage of moisture 

uptake in the film is 23%, while, as the challenge concentration goes up to 181 ppb, the 

percentage of moisture uptake in the film is as high as 60%.  At 30 °C, the moisture 

equilibrium loading in the film at 56 ppb of challenge concentration is about 0.21 

mmol/cm3, and 0.68 mmol/cm3 at 181 ppb.  

Time, min

N
or

m
al

iz
ed

 O
u

tl
et

 C
on

ce
n

tr
at

io
n

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 400 800 1200 1600

Challenge Temperature: 30 ºC

BDIIx A

56 ppb

181 ppb

Time, min

N
or

m
al

iz
ed

 O
u

tl
et

 C
on

ce
n

tr
at

io
n

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0 400 800 1200 1600

Challenge Temperature: 30 ºC

BDIIx A

56 ppb

181 ppb



                                                                                                                             193

Figure 5.7: Percentage of moisture uptake in BDIIx A films

In the case of the 56 ppb challenge, it takes about 1400 minutes to reach the 

equilibrium loading, while it only take less than 600 minutes to reach the equilibrium 

loading at 181 ppb of challenge.  Therefore, exposure to high levels of contamination will 

significantly increase the impurity intrusion into porous low-k films under same exposure 

time.  One would expect that when the clean low-k films are exposed to ambient 

moisture, it will take a much shorter time to reach the maximum moisture loading.  

Understanding the different time scale for moisture intrusion into low-k films under 

different ranges of moisture concentration is very important, practically.  For example, in 

photoresist ash or trench etch processes, it may only take a few minutes to finish these 

processes [146-147].  However, the moisture concentrations in the etching and/or ashing 

gases (so called specialty gases) normally are pretty high as compared to those in bulk 

gases.  For example, moisture concentrations in the gas stream from NH3 and HCl 

Time, min

P
er

ce
nt

ag
e 

of
 M

oi
st

u
re

 U
p

ta
ke

, %

0

10

20

30

40

50

60

70

80

90

100

0 200 400 600 800 1000 1200 1400 1600

Challenge Temperature: 30 ºC

BDIIx A

56 ppb

181 ppb

Time, min

P
er

ce
nt

ag
e 

of
 M

oi
st

u
re

 U
p

ta
ke

, %

0

10

20

30

40

50

60

70

80

90

100

0 200 400 600 800 1000 1200 1400 1600

Challenge Temperature: 30 ºC

BDIIx A

56 ppb

181 ppb



                                                                                                                             194

cylinders range about several ppm to tens of ppm [148-150].  Therefore, the amount of 

moisture absorbed in low-k films can reach quite high values even within short exposure 

time due to the tremendous driving force at ppm levels of moisture concentration.

Figure 5.8a: Moisture desorption in p-MSQ A films at different concentrations

Figure 5.8b: Moisture desorption in BDIIx A films at different concentrations
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The isothermal desorption profiles following the ends of absorption profiles 

shown in Figure 5.6 are shown in Figure 5.8, and similar plots were generated for other 

temperatures and other films.  Similarly to the desorption profiles shown in Figure 5.5, 

the moisture removal in porous low-k films is a very slow process.  For instance, as 

shown in Figure 5.8b, after 600 minutes of purging with UHP N2 at 30°C, in the case of 

56 ppb of the original challenge concentration, the moisture concentration at the reactor 

outlet is about 4.4 ppb, while in the case of 181 ppb of the original challenge 

concentration, the value is 7.9 ppb.  By calculating the overall mass balance, it was found 

that after 600 minutes of purge the moisture removal for 56 ppb and 181 ppb of challenge 

are 37.8% and 55.2%, respectively. 

5.3.3 Moisture Solubility in Porous Low-k Films

In this study, the solubility of moisture in porous low-k film, S, is defined as a 

ratio of equilibrium moisture concentration in low-k film, Cs0, and gas-phase moisture 

concentration, Cg0.  The unit of S is given as cm3 (gas in standard state)/ cm3 (solid film 

volume).  

Notice that moisture in porous film is present in a wide variety of physical and 

chemical forms.  As stated earlier, the term “moisture” in low-k films refers to the 

moisture equivalent of all intermediate compounds formed as a result of physical and 

chemical interactions with the matrix of low-k film.  For example, FTIR spectroscopy 

proved that the form of moisture in p-MSQ film can be isolated silanol Si-OH, hydrogen-

bonded silanol Si-OH and moisture molecules [95].  
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Most dissolving processes of gas in solid are exothermic (ΔH < 0), and the overall 

entropy of the gas-solid system decreases when gas dissolves in solid (ΔS < 0) [151].  As 

stated by Equation 5.1, the driving force of the dissolving process depends on the balance 

between randomness ΔS and energy ΔH, and system temperature.  In other words, only 

when the absolute value of ΔH is less than that of TΔS, the dissolving process occurs 

spontaneously.

ΔG = ΔH-TΔS

(5.1)

where, ΔG, ΔH and ΔS are the changes of Gibbs energy, enthalpy and entropy of the gas-

solid system before and after the gas dissolving process.   Therefore, from the 

thermodynamic point of view, raising system temperature, which favors more random 

state hence leads to the smaller absolute value of ΔG (or less driving force for the gas 

dissolving process),  will decrease gas solubility in solid.  The experimental data of 

Figure 5.4a and 5.4b exactly proved this, that is, under the same exposure conditions, the 

total amount of moisture dissolved in the porous films is higher at lower temperatures.  

Physically, increasing temperature, the formed intermediate compounds (such as silanols) 

between moisture molecules and the bone of polymeric matrix tend to become more 

unstable [112]. 

As revealed by the experimental data in previous sections, the solubility of 

moisture in porous low-k films depends on the type of the absorbent (or low-k film), 

moisture concentration (or partial pressure in gas mixture), and temperature.  As shown 

on Figure 5.9, the dependence of solubility on moisture concentration is linearly in the 
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moisture concentration range from 20 ppb to 1000 ppb (1 ppm) at room temperature 

while when the concentration is larger than 10 ppm, the dependence deviates from 

linearity.  Similar results were achieved at higher temperatures.  Consequently, as long as 

moisture concentration in the gas phase is less than 1 ppm, it is assumed that Henry’s law 

holds:

CS0 = S* Cg0

(5.2)

where CS0 is moisture concentration in low-k film, mol/cm3; Cg0 is gas-phase moisture 

concentration, mol/cm3; and S is moisture solubility in porous low-k film, cm3 (gas in 

standard state)/ cm3 (solid film volume).  

Equation 5.2 can be used to estimate moisture concentration in porous low-k 

films once the moisture solubility at a particular temperature has been determined.

As demonstrated by Figure 5.10, the impact of temperature on moisture solubility 

is in an exponential form.  Increased temperature causes an increase in kinetic energy. 

The higher kinetic energy causes more motion in moisture molecules which breaks 

intermolecular bonds and therefore favors the escape of absorbed moisture from the 

porous film.  Exploration of the relationship between moisture solubility and temperature 

reveals, at least, there are two benefits at elevated temperatures.  First, in the integrating 

processes of low-k films, from the point of minimizing moisture uptake in the films, a 

high operating temperature is required if there are no other adverse impacts of high 

temperature.  Second, if it is not allowable to operate the integrating process at a raised 

temperature and moisture adsorption in the film is significant, it will be beneficial to 
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clean the samples at an increased temperature.  But it must be pointed out that the 

dependence of moisture solubility on temperature is exponential instead of linear, 

therefore, the cleaning process needs to be optimized in order to minimize the overall 

cleaning time and cost.  This will be discussed in more detail in Chapter 6.

Figure 5.9: Linearity between challenge concentration and moisture concentration in 

film (Sample: p-MSQ A)
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Figure 5.10: Dependence of moisture solubility on temperature
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purge time.  It can be observed that the purge gas flow rate affects moisture removal 

significantly during the initial 10 minutes, and increases in purge gas flow rate enhances 

moisture removal.  In the early stage of purge, most of the physisorbed moisture, which is 

sensitive to purge gas flow rate, is removed.  While in the late stage, the mass transport is 

controlled by the moisture diffusion through the film, which intrinsically is a strong 

function of temperature and material property.  Similar to purge gas temperature, the flow 

rate also needs to be optimized.  More details will be discussed in Chapter 6. 

Figure 5.11: Impact of purge gas flow rate on moisture removal
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arrangements in the films and to obtain insights into the structure the films [95, 112, 152-

155].   Details about the structural characterization of different porous low-k films are out 

of the scope of this study.  However, any structural change due to moisture uptake and 

removal in the film is one of the concerns of this work.

5.3.5.1 Structural Characterization of Blanket p-MSQ and BDIIx Films

Figure 5.12 shows the FTIR spectra of a blanket p-MSQ film and a blanket BDIIx 

film in the wave number range from 4000-900 cm-1. 

Figure 5.12: FTIR spectra of blanket p-MSQ and BDIIx porous low-k films
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SiCxOyHz film is generally characterized by a main Si-O stretch band at 1134 cm-1 (cage) 

and 1062 cm-1(network) , a Si-CH3 streatch peak at 1276 cm-1, a broad absorption band at 

950-700cm-1 (not shown on the figure), a small C-H stretch band at about 2977 cm-1, and 

absorbed moisture in the rage from  3200 to 3800 cm-1 [95, 156].  Literature reported that 

sometimes a weak absorption at 1358 cm-1 can be observed and assigned to bending of C-

H in Si-CH2-Si cross-links [156].  However, these peaks cannot be observed on Figure 

5.12.   More details about how to deconvolute the Si-O-Si asymmetric stretching band at 

1250-970 cm-1 and other peak assignments of the SiCxOyHz film can be found elsewhere 

[156].  

5.3.5.2 Characterization of Moisture Adsorption in Porous Low-k Film 

Figure 5.13 illustrates the spectra of BDIIx B before and after baking at 150 ºC.  

Figure 5.13: Intensity of O-H stretching bonds before and after baking

(Sample: BDIIxB)

Before baking

After baking

Before baking, the films were equilibrated with 
2800 ppm of moisture at room temperature.

Baking temperature: 150 ºC;

Purge flow rate: 8 slpm

Before baking

After baking

Before baking, the films were equilibrated with 
2800 ppm of moisture at room temperature.

Baking temperature: 150 ºC;

Purge flow rate: 8 slpm



                                                                                                                             203

Before baking, the films were equilibrated with 2800 ppm of moisture.  As shown 

in this figure, the moisture contaminated film has a broad absorption band related to O-H 

stretching bonds between the wave numbers 3200 and 3800 cm-1.  Before baking, the area 

under the band is about 2.4, while after baking in the UHP N2 stream for 2 hours at 150 

ºC, the corresponding area changes to 2.2, which suggests that about 10 % of the total 

initial absorbed moisture in the film was removed due to the baking.  However, the 

decrease is not significant.  This is most probably because the baking temperature 150 ºC 

is not high enough to remove the chemisorbed moisture in the film.  Some literature has 

reported that the baking temperature should be as high as 400 ºC in order to completely 

remove the chemisorbed moisture from the polymer matrix and recover the original 

Siloxane (Si-O-Si) structure [155, 157]. 

The absorption band of O-H stretching bonds in the range of 3800-3200 cm-1 can 

be decomposed into three contributions: Si-OH with a hydrogen-bond due to chemically 

absorbed H2O, isolated Si-OH (without an accompanying hydrogen-bond) due to 

chemically absorbed H2O, and hydrogen bonded moisture molecules due to physisorbed 

H2O [112], which are shown in Figure 5.14.

Y. Uchida et al. reported that the increase in the dielectric constant does not 

correspond directly to the total amount of adsorbed moisture, but rather to the number of 

Si-OH units [112].  The surface of SiCxOyHz walls reacts directly with moisture and Si-

OH bonds are formed by the reaction:

OH-2SiOHSi-O-Si 2 

(5.3)
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Figure 5.14: Deconvolution of O-H stretching bonds (3800 – 3200 cm-1)

(Sample: BDIIxB)

Therefore, high moisture adsorption in porous low-k film directly leads to an

increase of the effective dielectric constant value of the film.  Referring back to Figure 

5.13, it is not difficult to see that the contribution of the overall moisture removal after 

baking at 150 ºC is attributed to a wave number from 3600 cm-1 to 3200 cm-1, which is 

mainly composed of hydrogen bonded Si-OH and molecular water.  Therefore, the 

decrease of the dielectric constant value because of baking may not be significant since 

the isolated Si-OH does not change very much after baking [112].  Unfortunately this 

study does not have the capability to confirm this conclusion by C-V measurement to 

measure film dielectric constant before and after baking.   
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Figure 5.15: Intensity of Siloxane stretching bonds before and after baking

(Sample: BDIIxB)

Noticing Equation 5.3, after baking, the intensity of siloxane (Si-O-Si) should be 

increased since the film lost partial silanol (Si-OH) groups as a result of the condensation 

reaction producing a water molecule.  The FTIR spectra show the increase of siloxane 

intensity after baking, which is illustrated in Figure 5.15, where the top spectrum 

corresponds to the film after baking, and the bottom one corresponds to the film before 

baking.

Top curve: after baking;

Bottom curve: before baking;

Baking temperature: 150 ºC;

Purge flow rate: 8 slpm

Si-O-Si Stretch (Cage)

Si-O-Si Stretch (Network)

Top curve: after baking;

Bottom curve: before baking;

Baking temperature: 150 ºC;

Purge flow rate: 8 slpm

Si-O-Si Stretch (Cage)

Si-O-Si Stretch (Network)
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5.3.6 FTIR Measurement of IPA and Moisture Outgassing 

Moisture outgassing with an isothermal purge has been studied in previous 

sections with mass spectrometers and CRDS.  The advantage of applying FTIR as a 

detector is that FTIR can directly give in-situ information on moisture concentration in 

film without the necessity to measure moisture concentration in the gas phase like the 

mass spectrometers and CRDS do.  Furthermore, no signal delay exists with FTIR, and 

the experimental set-up is relatively simple.  The experimental procedure of moisture 

and/or IPA outgassing from low-k films with FTIR is shown in Chapter 3.  The key 

concern is that the purge gas flow rate should be maintained as high as possible in order 

to minimize any moisture accumulation in the gas phase, which can significantly interfere 

with the signal response from the moisture and/or IPA in the low-k film.  In addition, 

FTIR only grants the adsorption area under peaks of interest.  Therefore, in order to 

determine the absolute moisture and/or IPA concentration in the films, other methods 

must be coupled, such as, the mass spectrometer measurement shown before.

5.3.6.1 Moisture Outgassing

Figure 5.16 shows the moisture outgassing rate from p-MSQ D films (partial etch 

for 10 seconds, no ash).  The films were initially equilibrated with a 3% moisture

concentration at 130 ºC.  The films then were purged with 8 slpm of UHP N2 at room 

temperature. The purge flow rate was proved to be high enough to minimize the 

accumulation of moisture in the gas phase.  The area under the peak band 3800 - 3200 

cm-1 was selected to stand for moisture adsorbed in the film.  It is observed from the 

figure that the moisture removal rate during the initial 100 minutes of purge is pretty fast, 
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however, after 150 minutes of purge, the moisture concentration does not change very 

much as the purge progresses.  The FTIR spectra confirmed that during the initial purge 

stage the intensity of the physisorbed moisture in the film that corresponds to 3450 cm-1

decreased significantly, and the hydrogen-bonded Si-OH (3580 cm-1) slightly decreased, 

while the change of the isolated Si-OH was negligible.  In order to remove the 

chemisorbed moisture, at the end of the isothermal purge, the purge gas temperature was 

raised to 200 ºC, and after it was kept at this temperature for 10 hours, it was found that

the intensity of isolated Si-OH also decreased and the area below the peak band was 

about 0.401.  If all the O-H groups need to be removed, then a higher purge temperature 

is required. 

Figure 5.16: Temporal profiles of moisture desorption in p-MSQ D films

5.3.6.2 IPA Outgassing

IPA is widely used a cleaning solvent or dry agent in semiconductor 

manufacturing processes.  It is also important to study the rate of IPA outgassing or 
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removal from porous low-k films.  Previous research shows that trace amounts of IPA in 

UHP N2 can accelerate moisture removal on SiO2 [55].  It is interesting to study whether 

it can also be used to clean moisture contaminated low-k films.  Due to the sensitivity of 

FTIR, all the challenge concentrations of IPA would be at high ppm levels to make sure 

the IPA absorbed in low-k film will give enough signal response. 

Two tests were done that were used to simulate actual applications of IPA, one for 

the cleaning solvent (liquid phase) and the other one for the drying agent (gas phase).  In 

Test 1, the samples were first dipped in liquid IPA overnight, then quickly transferred to 

the FTIR sample cell and purged with 8 slpm UHP N2 at room temperature.  The 

background was clean samples.  The change of the intensity of –CH3 stretch (area below 

the peak band 3000 – 2950 cm-1) versus purge time was plotted.  The result is illustrated 

in Figure 5.17.  In Test 2, the clean samples were first exposed to N2 doped with 4000 

ppm of IPA for 48 hours to make sure the equilibrium had been reached between the 

solid and gas phase, then a purge process identical to Test 1 was initiated, and similar 

data was recorded.  The results are shown in Figure 5.18. 
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Figure 5.17: Temporal profiles of IPA desorption in BDIIx D films

Figure 5.18: Temporal profiles of IPA desorption in BDIIx D films
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Comparing Figure 5.17 and Figure 5.18, it is found that IPA removal in the low-k 

samples that was initially equilibrated with the gas phase is significantly faster than that 

in the films that was dipped in liquid IPA.  In case of the former one, it only takes 400 

seconds to drop IPA concentration in the film down to the FTIR detection limit.  While 

for the latter case, it takes more than 500 minutes to reach the FTIR detection limit.  An 

interesting note is that the initial IPA loadings of Tests 1 and Test 2 are very close to each 

other (0.61 a.u. versus 0.49 a.u.), but the two cases have dramatically different dynamics 

of purge.  This is most probably because the chemical structure of the polymer was 

changed due to the dipping process.  Hence, the retention behavior of IPA in the film was 

changed.  Figure 5.19 shows the difference of the spectra of these two Tests after 5 

minutes of purge (the two tests have identical background, that is, the clean BDIIx D 

film). As it clearly shown by this figure, the spectrum of the film of Test 2 is almost 

identical to the clean sample (a straight line suggests there is no difference), while the 

spectrum of the film of Test 1 significantly differs with that of the clean sample.  

Therefore, liquid IPA may change the film structure significantly.  The liquid IPA 

contaminated film has a much larger retention tendency than the film that is contaminated 

by gas phase IPA, which suggests that after cleaning with liquid IPA it is preferable to 

purge the films at an elevated temperature in order to accelerate the IPA removal.
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Figure 5.19: Change of film structure due to dipping in IPA (Sample: BDIIx D)

5.3.7 Interactions between IPA and Moisture in Porous Low-k Films

Raghu et al. extensively studied the interaction mechanisms between IPA and 

moisture molecules on ZrO2, HfO2 and SiO2 [55, 56].   They found that the moisture or 

IPA adsorption and desorption on different substrates behaved quite differently, and IPA 

adsorption on SiO2 was increased by pre-adsorbed moisture and it led to the formation of 

alkoxy groups at elevated temperatures, while on ZrO2 less IPA was adsorbed in the

presence of pre-adsorbed moisture. In addition, they also found that the existence of trace 

amounts of IPA in clean gas (N2 in their case) enhances moisture removal on ZrO2 by 

direct displacement or through an esterification reaction.  So far, no literature has
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reported the interaction between IPA and moisture molecules in porous media.  The 

importance of understanding the fundamental interaction mechanisms between the two 

types of molecules in porous low-k dielectric films is obvious since IPA and moisture can 

exist simultaneously under certain circumstances in the cleaning processes.  

The following topics are of interest in this study:

(1) In contamination processes, will the existence of moisture enhance IPA 

adsorption in porous low-k films, or vice versa?

(2)      In the cleaning process, is the IPA removal rate as fast as that of moisture?

(3) If the IPA removal is fast, will doping trace amounts of IPA into UHP N2

favor moisture removal in the films?

(4)      Is there anyway to differentiate a physisorbed and chemisorbed moisture?

In this section, the methods of applying FTIR and APIMS were combined.  

APIMS was used for ppb levels analysis, and FTIR was used for ppm levels analysis.

5.3.7.1 Competitive Adsorption

Figure 5.20 compares IPA uptake in clean samples and in moisture contaminated 

films that were initially equilibrated with 104 ppb of moisture; all other conditions are 

identical for these two tests.  The wafer was BDIIx D with a diameter of 300 cm, a film 

thickness of 260 nm and a porosity of 0.3.  It can be observed that IPA adsorption on the 

moisture contaminated films was less than that on the clean sample.  The equilibrium 

loading for the former case is 0.88 nmol/wafer, while the value for the later case is only 

1.68 nmol/wafer.  Another difference between the two adsorption curves are that IPA 

adsorption on the moisture pre-adsorbed film quickly reaches equilibrium (less than 1 
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hour), while it takes about three hours for IPA adsorption on the clean sample.  This can 

be explained by the competitive adsorption in the porous film between the moisture 

molecule and the IPA molecule.  

Similarly, Figure 5.21 compares moisture uptake in clean samples and in IPA 

contaminated films that were initially equilibrated with 139 ppb of IPA; all other 

conditions are identical for these two cases.  

Figure 5.20: IPA uptake in moisture contaminated film and in clean film 

(Sample: BDIIx D; Detector: APIMS)
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Figure 5.21: Moisture uptake in IPA contaminated film and in clean film (Sample: BDIIx 

D, Detector: APIMS)

It was found that the IPA pre-adsorbed in the film competes with the moisture 

molecule during the adsorption process.  The equilibrium loading of moisture in the clean 

sample is 6.26 nmol/wafer, while the loading of moisture in IPA pre-adsorbed film is 

only 4.43 nmol/wafer.  Also it is observed that the adsorption on the IPA pre-adsorbed 

film reaches the equilibrium much faster than that on the clean sample (15 hours as 

compared to 30 hours). 

These results can be explained by the competitive adsorption in the porous film 

between the moisture molecule and the IPA molecule, which  is similar to the study by 

Rana et al, where they revealed that adsorption on ZrO2  was site limited; consequently, 

less IPA was adsorbed in the presence of pre-adsorbed moisture on ZrO2 [55].  
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Thibodeaux et al. also reported that moisture competes with a semi-volatile organics 

chemical (SOCs) on the adsorption sites of aerosols [158].

The competitive adsorption between moisture and IPA molecules in porous low-k 

films at least has one practical application purpose.  Since the IPA desorption in low-k 

films is much faster than moisture desorption under identical purge conditions (see Figure 

5.22), under certain cases, if the films have first been contaminated with IPA before 

being exposed to a moisture rich environment, then it is not preferable to remove the IPA

since the existence of IPA in the film will effectively block moisture adsorption in the 

film due to the competitive adsorption between the molecules.  It is interesting to study 

the overall interaction mechanisms between moisture and other volatile or semi-volatile 

organics in different stages.  The information will be valuable to design optimized 

purge/cleaning recipes, such as, planning whether the cleaning process should be step by 

step, or in a certain combined way.  A smart cleaning method will not only minimize the 

adverse affects of the contaminants to the film properties, but also save time and cleaning 

gas or chemical usage.     
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Figure 5.22: Moisture and IPA desorption in BDIIx D

(Detector: APIMS; the films were initially equilibrated with either IPA or moisture at 

room temperature; pure temperature: room temperature; Purge gas: UHP N2)

The next section will discuss how the presence of one species (IPA or moisture) 

will impact the removal of another species (moisture or IPA) in porous low-k films. 
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compares the dynamics of moisture outgassing from BDIIx A with two purge options at 

room temperature: purging with UHP N2, or purging with IPA doped N2.  Before the 
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by simply hanging the sample coupons overnight on the top of a water filled beaker that 

was controlled by a temperature controller.  The purpose for this is to make sure there is 

enough moisture adsorption in the films since they are exposed to purge water vapor.  

The total moisture adsorbed in the films was represented by the wavelength of 3800-3200 

cm-1.  As shown in Figure 5.23, the moisture removal by IPA doped N2 is faster than that 

by UHP N2.  Low concentration tests at ppb levels were done with APIMS.  The results, 

as shown in Figure 5.24, were similar to the high concentration tests.

Figure 5.23 and Figure 5.24 reveal that the presence of trace amounts of IPA in 

N2 does enhance moisture removal in porous low-k films (in Figure 5.23, the values of y-

axis are directly proportional to moisture concentration in the film).  The reason is mainly 

attributed to the competitive adsorption and exchange between IPA and the moisture 

molecules adsorbed in the film.  During a desorption process, once the previous adsorbed 

moisture molecules have left the film, most of them will be incorporated into the main 

stream and finally leave the reactor, while a small portion of them will be re-adsorbed to 

the film surface because of the competitive adsorption taking place between IPA and 

moisture in the film as discussed in the above section.  Secondly, IPA molecule can 

dislodge the adsorbed moisture molecules in the film.  In other words, there is a sort of 

“exchange” between the IPA molecules that originally existed in the gas phase and the 

moisture molecules that were originally present in the solid film in a form of chemisorbed 

and/or physisorbed moisture.  It is hard to differentiate which mechanism dominates.  

Most probably, in the initial cleaning stage, since the probability of re-adsorption is still 

high, the first mechanism is the main force; while in the late cleaning stage, the re-
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adsorption probability decreases significantly. Therefore, the second mechanism becomes 

more important.  Raghu et al [56] assumed there is a third mechanism, that is, the 

esterification reaction, which is shown below:

    

OH2CH-CH-O-Si2CH-CH-OHOH-Si 233 

(5.4)

If the third mechanism is true, there are two advantages for introducing IPA in the 

purge gas: first, enhancing moisture removal; second, recovering the structure of the Si-

O-organic group by replacing the hydroxyl groups in the film which normally make the 

film more hydrophilic.  The second advantage directly leads to the decrease of the 

dielectric constant value of the film by removing moisture and introducing a large 

organic group CH3CH2- [123, 159,160].  However, with FTIR it is difficult to verify the 

mechanism because the formation of the structure Si-O-CH-2CH3 can be attributed to 

two possible sources: one is through the above mentioned esterification reaction between 

silanol and IPA, one is through the direct adsorption of IPA in the polymeric films.  The 

peak band at 950-650 cm-1, which corresponds to Si-Men (n = 1, 2, or 3), is very 

complicated [132].  It is hard to decouple these two sources.  The bottom line is the 

presence of IPA in purge gas favors moisture removal in low-k films.
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Figure 5.23: Moisture desorption with different purge gas (ppm exposure)

(Sample: BDIIx A; Detector: FTIR)

Figure 5.24: Moisture desorption with different purge gas (ppb exposure)

(Sample: BDIIx D; Detector: APIMS)
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5.3.8 Chemisorbed and Physisorbed Moisture and IPA 

It is valuable to lean how much moisture (or IPA) is chemisorbed in the film, and 

how much is physisorbed.  This information is important for the design of a purge recipe 

because typically physicorbed moisture is sensitive to the purge gas flow rate while 

chemisorbed moisture is more sensitive to temperature.  For example, if most of the 

species (moisture or IPA) adsorbed in the film are physisorbed, then the purge process 

may not require a lot of energy input, but a high purge gas flow rate is needed in order to 

quickly remove the species and vice versa.  

FTIR can give information on physisorbed and chemisorbed moisture in low-k 

film as shown by Figure 5.14.  However, the three deconvoluted peaks, isolated Si-OH, 

hydrogen bonded Si-OH and hydrogen bonded moisture molecules, still partially overlap 

with each other.  In addition, the deconvolution itself may introduce some errors.  

Consequently, FTIR is a good method to qualitatively analyze the chemisorbed and 

physisorbed moisture in the film (but remember it is still a good method to quantitatively 

measure the overall moisture adsorption in the films by the broad adsorption band in the 

range of 3800-3200 cm-1).

With APIMS, it is possible to differentiate chemisorbed moisture (or IPA) and 

physisorbed moisture (or IPA) in low-k films.  The experimental procedure consists of 

two cycles of standard isothermal challenge-purge processes at room temperature.  The 

details about the standard isothermal challenge-purge processes are shown in Chapter 3.  

The schematic of the procedure is shown in Figure 5.25.  Between the Cycle 1 and Cycle 

2, there is no baking process.  The desorption part of Cycle 2 is not shown on the figure.  
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In Cycle 1, before the challenge started, the sample films had been baked and purged at 

290 °C overnight in order to remove any residual moisture, and the films were cooled 

down to room temperature after baking.  Both of Cycle 1 and Cycle 2 were operated at 

room temperature.  In cycle two, before the challenge was initiated, the sample films had 

been purged with UHP N2 at room temperature for more than 72 hours until the APIMS 

baseline had been reached (or very closed) in order to remove the physisorbed moisture 

in the film as completely as possible.  

Figure 5.25: Method to determine chemisorbed moisture in porous low-k films
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However, the net difference between A1 and A3 can minimize the adsorption affect on 

transfer lines, and this net difference gives a more accurate amount of chemisorbed 

moisture adsorbed in the film.  

            As shown in Figure 5.26,                  

A1 = 503.1 (ppb·hr);

A3 = 280.2 (ppb·hr).

Then, the chemisorbed moisture in the film is: (503.1-280.2) = 222.9 (ppb·hr).  

The percentage of chemisorbed moisture in the film is 44.3%, and physisorbed moisture 

is 55.7%.  The results reveal that nearly half of the moisture is physisorbed moisture. The 

cleaning of this portion of moisture is sensitive to the purge gas flow rate.  While, in 

order to remove the remaining moisture, it requires energy input in order to break the Si-

OH bonds and remove chemisorbed moisture.  

Similar tests were done for IPA.  Figure 5.27 shows the adsorption curves of 

Cycle 1 and Cycle 2.  And it was found that:

A1 = 97.9 (ppb·hr);

A3 = 57.0 (ppb·hr).

The chemisorbed IPA in the film is: (97.9-57.0) = 40.9 (ppb·hr).  The percentage 

of chemisorbed IPA in the film is 41.7%, and physisorbed IPA is 58.2%.
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Figure 5.26: Comparison of moisture adsorption on clean samples and on samples with 

chemisorbed moisture (challenge flow rates: 350 sccm)

Figure 5.27: Temporal profile of IPA adsorption on clean samples and on samples with 

chemisorbed IPA (challenge flow rates: 350 sccm)
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By comparing IPA with moisture, it is found that the absolute amount of IPA 

loading including physicorbed and chemisorbed is much less than that of moisture.  But 

the percentage of physisorbed species in the film is very similar for IPA and moisture 

(58.2% versus 55.7%).

5.4 SUMMARY

1. Under the same conditions, the amount of moisture adsorbed in low-k 

films is much greater than that in the SiO2 surface. Meanwhile, porous low-k films have a 

higher moisture retention tendency than SiO2.

2. As temperatures increases, the moisture loading (solubility) in the films 

decreases, and moisture outgassing also goes up. However, at a higher temperature, it 

takes less time to reach equilibrium.  The moisture outgassing rate depends on moisture 

loading, flow rate and temperature.

3. Solubility of moisture in porous low-k films depends on the type of low-k 

films, moisture concentration (or partial pressure in the gas mixture), and temperature.  

The dependence of solubility on moisture concentration is linearly in the moisture 

concentration range from 20 ppb to 1000 ppb (1 ppm); within this range, Henry’s law 

holds: Cs0 = S* Cg0, Where Cs0 is moisture concentration in low-k film, mol/cm3; Cg0 is 

gas-phase moisture concentration, mol/cm3; and S is the moisture solubility in porous 

low-k film, cm3 (gas in standard state)/ cm3 (solid film volume).  The impact temperature 

on moisture solubility is in an exponential form.
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4. Increase of purge gas flow rate enhances moisture removal rate in porous 

low k films, while, the purge gas flow rate affects moisture removal significantly during 

the initial purge stage.  The purge process needs to be optimized with minimized purge 

cost and time.

5. FTIR can be used to analyze chemical structure and composition of the p-

MSQ and BDIIx porous low-k films, and to quantify the change of moisture and/or IPA 

concentrations in the films in purge processes.  It is also feasible to use FTIR to monitor 

the dynamic change of chemical structure and compositions during moisture uptake and 

removal.

6. The FTIR wave numbers in the range of 3200 and 3800 cm-1 that 

corresponds to O-H stretching bonds can be deconvoluted into three contributions: Si-OH 

with a hydrogen-bond due to chemically absorbed H2O, isolated Si-OH (without an 

accompanying hydrogen-bond) due to chemically absorbed H2O, and hydrogen-bonded 

molecular moisture due to physisorbed H2O.

7. Once moisture intrudes into the low-k film, the intensity of Si-OH 

increases, while Si-O-Si decreases revealing there is the change of chemical structure and 

composition due to the incorporation of moisture into the films. In contrast, baking can 

partially recover the Si-O-Si by removing moisture from the polymer chain.

8. Porous low-k films contaminated by liquid IPA have much larger retention 

tendency than the film that is contaminated by a gas phase IPA.
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9. Competition adsorption exists between moisture and IPA molecules.  The 

presence of a trace amount of IPA in N2 enhances moisture removal in porous low-k 

films.

10. Under the same conditions, the loading of IPA in porous low-k films are 

much smaller than that of moisture, while it takes much less time to clean IPA from 

porous low-k films as compared to moisture.  In one of the samples, the chemisorbed 

moisture accounts for about 44.3% of the overall moisture adsorbed in the film, and this 

number is 41.7% for the chemisorbed IPA in the film.
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CHAPTER 6

TRANSOPRT OF MOLECULAR CONTAMINANTS IN POROUS LOW-K 

DIELECTRIC FILMS – MATHEMATICAL MODELING AND PARAMETRIC

ESTIMATION

6.1 INTRODUCTION

Mathematical modeling is critical to understanding the fundamental interaction 

mechanisms between molecular contaminants and porous low-k films.  These 

mechanisms include the dominant transport pathways in porous films; diffusivity in pores 

and matrix and its sensitivity to temperature; and the mass exchange between the pores 

and matrix.  Knowledge of these mechanisms can assist in discerning the vulnerability of 

porous low-k materials to molecular contamination, such as moisture and isopropyl 

alcohol (IPA).   However, a low-k film that can completely block impurity intrusion may 

exist at all.  More or less, the films will be contaminated by molecular contaminants.  

More realistically, one needs to seek a sort of low dielectric constant material(s) that is 

compatible with all integration processes and provides enough resistance to molecular 

contamination.   Even trace amounts of contaminants have been incorporated into the 

film, but if it is easy to remove the contaminants from the film by purging with clean 

inert gas (such as UHP N2) and baking at low temperature, that is still tolerable too.  

In order to design a process that can quickly and efficiently remove molecular 

contaminants from contaminated porous low-k films, one needs a process model that can 

predict removal under certain cleaning or purging conditions.  The model should also be 
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capable of predicting the extent of contamination in a clean film if it is exposed to 

contaminants under certain conditions.  By fitting the model to experimental data, it 

should be possible to get the values of physical properties of porous low-k dielectric 

films, such as diffusivity, porosity, specific surface area and interface mass transport 

coefficients.  Furthermore, a process model also can be used to minimize the purging 

time and cost by optimizing the cleaning process; in addition, with a process model it is 

easy to run a parametric study, such as the evaluation of the effect of porosity and film 

thickness on moisture uptake and removal in low-k films, which helps in designing the 

films from the point of contamination prevention.

Extensive literature is available on diffusion and permeation of gases in polymers 

and porous media [161-165].  Several authors have also studied the reaction and diffusion 

of gases in silica [166-169].  However, the transport of moisture in porous polymeric 

low-k dielectric films, such as porous MSQ and Black Diamond II, has unique features 

not represented by the available models and literature.  The proposed model in this study 

represents the fundamental interactions between moisture molecules (or other impurities) 

with porous low-k films.   

The sequence of this chapter is arranged as follows:

(1) Model Development;

(2) Model validation;

(3) Discussion on estimated parameters;

(4) Summary
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6.2 MODEL DEVELOPMENT

Typically, porous low-k films consist of two parts, one is the solid matrix and the 

other one is the pores.  The pores are dispersed in the matrix and could be open pores, 

i.e., pores which are near the surface and opened to the surrounding gas, as well as closed 

pores inside the film matrix.  Depending on the method of generating pores, pore size 

distribution can range from several nm to as high as 20 nm shown in Figure 6.1.  

However, most literature has reported the pore size distributes between 1 and 5 

nanometers [170-173].  The pores that are larger than 10 nm are typically formed through 

an internal connection of micropores that are in an order of magnitude of 2 to 3 

nanometers [173, 174].  It should be noted that pores are not referred to the lattice 

cavities of the solid matrix, which typically are less than 1 nanometer [Ref. 174].  In 

other words, in this study, pores are not a part of the film matrix.     

The mass transport processes of moisture molecules within porous low-k films are 

assumed to consist of the following simultaneous steps:

(1) Local exchange of moisture molecules in the gas phase or pores with those 

in the solid matrix across the gas-solid interphase.  This exchange includes two processes,

moisture molecules in the gas phase are physisorped and/or dissociatively chemisorbed 

(such as hydroxylation) in the gas-solid phase, leading to the formation of what is called 

“adsorbed moisture”; the reverse process will be a recombination and desorption back to 

the gas-phase moisture.

(2) The adsorbed moisture permeates through the solid matrix by activated 

diffusion.
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(3) Transport of molecular moisture in pores by molecular diffusion.

The moisture outgassing process is schematically shown in Figure 6.2

Figure 6.1: Nano-scale pores in a porous low-k dielectric film

(TEM image was provided by Professor Karen Gleason at MIT)

6.2.1 Parallel Pore Model 

Since the substrate of porous low-k films is typically silicon, which is a dense and 

hydrophobic layer, it was assumed that this layer is impermeable to moisture.   The 

permeation through the lateral is negligible since the lateral area is much smaller than the 

wafer surface area. For example, for a 300 mm wafer with a 300 nm low-k film

thickness, the one side surface area is about 706 cm2, while the lateral surface area is only 

0.03 cm2. Therefore, the principal mass transport direction occurs in a 1-D direction that 

either points to the silicon substrate during moisture intrusion or points opposite to the 

silicon substrate during the cleaning process.  This assumption will make the 

development of the model much easier.  Since the transport only takes place in the 1-D 
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direction, the randomly distributed individual pores dispersed in the film matrix can be 

“recombined” together, forming so-called parallel and continuous pores that originate

from the interface between the substrate and low-k film and end at the interphase of the

low-k film and ambient.

Overall, the following are the assumptions made to develop this model: 

(1) Pores are periodic and parallel and continuous.

(2) Transport of impurity occurs only in z-direction. 

(3) Physical properties, such as moisture diffusivity and film porosity, may 

vary with respect to film depth.

Figure 6.2: Interaction of moisture molecules with porous low-k dielectrics
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Figure 6.3: TEM image of p-MSQ A

In the parallel model that Iqbal et al. developed [48], they assumed that the 

diffusivity and other physical properties do not change with film depth.  This assumption 

generally is reasonable for a uniform film, such as a blanket low-k film.  However, for a 

processed film, or a film which has been through patterning (etch and ash) processes, as 

shown by Figure 1.9 in Chapter 1, the films typically are not uniform.  Therefore, it is 

necessary to modify Iqbal’s model by treating the film properties to be varied with film 

depth or the film properties to be a function of film depth.  Of course, the type of the 

function is unknown.  Under such cases, any information on the film morphology is 

extraordinarily precious.  For example, Figure 6.3 shows that the film p-MSQ A has two 

distinct layers, a damaged layer that was exposed to a plasma environment and an 
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undamaged blanket film that has not been affected by plasma.   Within each layer, the 

physical properties can be assumed constants.  For processed films, this modification will 

make the model more accurate than the one that supposes physical properties are 

constants within the whole low-k film.

As shown in Figure 6.4 the polymer film can be divided into numerous unit cells

or control volumes.  The length of the unit cell is ∆z, and the cross-section area of the 

unit cell is AS.  Within a small ∆z, the pore can be modeled as a cylinder with radius r.  

Since it is assumed that transport takes place only in a z direction, the concentration at a 

particular value of z is the same throughout the film.  The porosity of the control volume 

can be represented by:
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Figure 6.4: Mass transport unit cell

Porous Low-k film

z

Control Volume

∆z

AS

2r

Porous Low-k film

z

Control Volume

∆z

AS

2r



                                                                                                                             234

6.2.2 Mass Balance in Film Matrix

The mass change of species j in the control volume ∆zAS in the film with respect 

to a short time interval ∆t depends on the mass flux coming in and leaving out of the 

control volume in the z direction, and the mass exchange between the matrix and its 

surrounding pores.  Mathematically, the conservation equation over the control volume 

∆zAS for specie j in the matrix is as follows:
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where, ε is porosity; AS is the cross sectional area of the control volume; Nj is the mass 

flux through the matrix in z direction; km is the interface mass transport coefficient 

between the pore and matrix; CS is the moisture concentration in the matrix that includes 

all intermediate species formed from the reaction (or chemisorbed) and the incorporation 

of molecular moisture (or physicorbed) with the low-k matrix; S is moisture solubility in 

the matrix; Cp is moisture concentration in the pore.

Dividing the two sides of Equation 6.2 by ∆z and As, it follows:
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When ∆t and ∆z are infinitely small, and Equation 6.1 is combined, the above 

equation can further be written in the following differential form:
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According to the Fick’s law: 
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For a cylindrical pore, 
r

2
Sp  , where Sp is a specific surface area, which is 

another intrinsic property of the film.  Then Equation 6.4 can be rewritten in this way:

)(
)1(

))1((
1

1
p

S
mp

S
S

S C
S

C
kS

z

C
D

t

C




















(6.6)

6.2.3 Mass Balance in Film Pore

Similarly, the conservation equation over the control volume ∆zAS for species j in 

pore can be:
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Dividing by ∆z & AS,
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When ∆t and ∆z are infinitely small, and Equation 6.1 is combined, the above 

equation can further be written as in a differential form:

)()(
1

p
S

mp
jp C

S

C
kS

z

N

t

C












(6.9)

            Combining the Fick’s law, the above equation would be:
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6.2.4 Process Model for Porous Low-k Film

             Figure 6.5 shows the schematic of moisture transport in porous low-k film and 

mass exchange between the film and surrounding medium.

The governing equation for transport of moisture in the matrix is given by:
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where, the first term is the transient term, the second term is the diffusion through the 

film matrix, and the third one is the mass exchange term and the last term.

In a cleaning process, the initial and boundary conditions for Eq. 6.12 are as 

follows:
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Initial Condition:

CS0 = Cb0 S,     at  t = 0

(6.12a)

where, Henry’s law was assumed for low concentration levels. In other words, at 

equilibrium the concentration of moisture in the matrix is proportional to the moisture 

concentration in the gas phase.

Figure 6.5: Schematic of moisture transport in porous low-k film and mass exchange 

between film and surrounding medium
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Boundary Condition 1:

0



z

Cs                   at  z = 0

(6.12b)

Boundary Condition 2:
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where, CS0 is the concentration of moisture in the matrix at t = 0 or at the end of 

challenge; Cb0 is moisture challenge concentration; Cb is the concentration of moisture at 

the gas phase side which is close to the interphace of the low-k film and ambient (bulk 

gas); kms is the interphase mass transfer coefficient between the matrix and the gas phase 

in the surrounding medium; Sp is the specific surface area of the porous film; and L is 

thickness of the film.     

The governing equation for the transport of moisture in pores is given by:
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where, the first term is the transient term, the second term is the diffusion through the 

film pore, and the third one is the exchange term between pore and matrix.

Similarly, in a cleaning process, the initial and boundary conditions for Equation

6.13 are as follows:
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Initial Condition:

Cp = Cb0                 at t = 0

  (6.13a)

Boundary Condition 1:

0
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(6.13b)

Boundary Condition 2:
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where, kmg is the interphase mass transfer coefficient between the pores and gas phase in 

the surrounding medium. 

6.2.1.4 Coupling Reactor Equation 

As shown in Chapter 3, the gas in the reactor can be well-mixed by the randomly 

packed sample coupons.  Therefore, the reactor was assumed to behave as a completely-

stirred-reactor (CSTR).  The change of moisture concentration in the reactor basically is 

attributed to three sources: moisture in inlet gas, moisture in outlet gas and mass 

exchange between the bulk gas and the low-k film samples:
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In a purging process, 

Initial Condition:

Cb = Cb0       at t = 0

(6.14a)

where, the first term represents the change of moisture concentration in the bulk gas with 

time, the second term is due to incoming and outgoing gas flow, the third term accounts 

for the moisture desorbed from matrix to gas phase at boundary z = L, and the fourth 

term represents the moisture desorbed from pore to gas phase at z = L.  Q is the 

volumetric flow rate, V is the volume of the reactor, Cb,in is the concentration of moisture 

in the inlet purge gas stream, and Atot is the total exposed surface area of the samples.

Differential equations 6.12-6.14 were solved numerically using a finite element 

method.  Commercial software called Comsol Multiphyiscs® was used to solve the 

coupled partial differential equations.  The model parameters Ds, Dp, km, kms, kmg, and ε 

were determined by fitting the model to the experimental data.  

The above model was developed for the reactor with a particular geometry.  

Therefore, the type of Equation 6.14 may vary when different reactors are used.  

However, the mass transport model in low-k film does not depend on the geometry of the 

reactor.    

The next section will discuss model validation and parametric estimation through 

experimental data fitting. 
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6.3 MODEL VALIDATION AND PARAMETRIC ESTIMATION

As discussed in Section 6.2, certain assumptions were made during the 

development of the process model, such as, it was assumed that the diffusion only takes 

place in the z direction, and the dispersed pores can be recombined to form continuous 

pores.  The assumptions will simplify the actual physical problems, while they may cause 

some deviation from actual situations.  Hence, it is necessary to verify whether these 

assumptions are good enough or not, and, overall, whether the model can fit to 

experimental data.  The basic idea is that first the values of the unknown parameters were 

assumed based on literature or previous research in this group, then the coupled equations 

were solved in order to get the temporal profile of Cb. Next, the Cb was compared with 

experimental data.  If the predicted Cb can fit the whole experimental matrix, then the 

assumed values can be accepted, or else they can be slightly modified until good fitting 

has been reached.  This process can be done either through automatic optimization using 

numerical software, such as Matlab® Optimization Package, or through manual work.  

Typically the combination of these two methods is more effective than either of them.

The experimental data through FTIR has not been applied for model fitting 

because the FTIR measurement only gives the areas under a certain peak of interest, and 

it has to be coupled with mass spectrometers (or other methods) in order to determine the 

solubility of moisture in the films.  Once the solubility has been determined, it is easy to 

convert the temporal file of the moisture peak area to the temporal file of the moisture 

concentration with the unit of mol/cm3.  But so far, in this study, all the data used for 

model fitting is based on mass spectrometer and CRDS measurement.
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6.3.1 Model Validation

Figure 6.6 shows the model fit to experimental data for p-MSQ F (JSR LKD 

5109) for moisture challenge concentration 56 ppb at two temperatures, 30 ºC and 150 

ºC.  The agreement between the model and the experimental data is good.  Figures 6.7 

and Figure 6.8 show model fit for p-MSQ C (partial etch, H2 ash only) for a 193 ppb 

moisture challenge concentration at 30 and 290 ºC.   Figure 6.9 shows the model fit for p-

MSQ A (partial etch, N2 H2 ash) for 153 ppm and 1500 ppm at 30 ºC.  Similar results 

were obtained for other temperatures and challenge concentrations.  All the fitting results 

show that the model prediction matches fairly well to the experimental data.

Noticing that there is a slight deviation between the model prediction and 

experimental data, it can be attributed to the assumptions of developing the model, the 

existence of the sampling lines and the gas mixing system.  For example, in the first 

source, it was assumed that the reactor behaves as a CSTR reactor.  But actually, certain 

non-ideal flow patterns, such as, short-circuiting, stagnant regions and channeling, which 

do exist in the reactor, cause the flow in the reactor to deviate from that of an ideal

reactor.  For the second source, it was assumed the sampling line affect of APIMS 

measurement is negligible, but actually it exists, even though the signal delay time due to 

the sampling line effect is much smaller than the sample dry-down time.  With CRDS and 

EIMS measurement, the effect of sampling lines have been considered by representing 

the sampling line as a certain reactor that has the same (or very similar)  dry-down 

behavior as the sampling lines.  However, this method also can cause some deviations 

because an equivalent reactor cannot exactly represent the sampling line.   The third 
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possible source is due to the moisture generating and gas mixing system.  For instance, 

the calculated or desired concentrations may not be identical to the actual concentrations 

because of temperature fluctuation and intrinsic error of mass spectrometers (2-3%) and 

the permeation tube (5% wt).  However, all these errors are secondary and tolerable. 

6.3.2 Parameter Estimation

The results of estimated parameters through model fitting are summarized in 

Tables 6.1 through 6.4, where p-MSQ F (JSR LKD 5109) is a uniform film with film 

thickness 300 nm; p-MSD C (partial etch, H2 ash only) and p-MSQ A (partial etch, N2 H2

ash) are processed films.  Film p-MSQ A has two layers with a film thickness of 50 nm

for each layer, while film p-MSQ C has two layers with a film thickness of 55 nm for 

each layer.

Figure 6.6: Model fitting to experimental desorption profile of p-MSQ F film
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Figure 6.7: Model fitting to experimental desorption profile of p-MSQ C film
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Figure 6.8: Model fitting to desorption profile of p-MSQ A film 
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(ppm exposure)

Table 6.1: Parameters Estimated for p-MSQ F (JSR LKD 5109)

Parameters
Temperature, oC

30 150 250

DS, cm2/s 1.4e-15 1.7e-15 3.5e-15

Dg, cm2/s 8.5e-10 1.0e-9 3.0e-9

S 3.65e7 1.9e7 1.0e7
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Figure 6.9: Model fitting to desorption profile of p-MSQ A film
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Table 6.2: Parameters estimated for p-MSQ C (partial etch, H2 ash only)

Parameters
Temperature, oC

30 200 290

DS1, cm2/s 3e-16 1.2e-15 2e-15

DS2, cm2/s 2e-16 7e-16 1e-15

Dg, cm2/s 3e-10 3e-9 5e-9

ε1 0.4

ε2 0.3

S1 1.0e7 7.5e6 6e6

S2 1.2e7 7e6 6.5e6

1-top layer; 2-bottom layer
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Table 6.3: Parameters estimated for p-MSQ A (partial etch, N2 H2 ash)

Parameters
Temperature, oC

25 200 380

DS1, cm2/s 2e-14 2.0e-13 5.9e-13

DS2, cm2/s 7e-15 1.0e-13 3.5e-13

Dg, cm2/s 3e-10 2.8e-9 8.0e-9

ε1 0.6

ε2 0.4

S1 1.1e7 6.0e6 4.5e6

S2 1.3e7 5.2e6 3.4e6

1-top layer; 2-bottom layer

The interphase mass transfer coefficients are listed in Table 6.4, where km is the

interphase mass coefficient between the pore and matrix in the film; kms is the interphase 

mass transfer coefficient between the matrix (at the top surface of film) and the gas phase 

in the surrounding medium (bulk gas); kmg is the interphase mass transfer coefficient 

between the pore (at the top surface of film) and the gas phase in the surrounding medium 

(bulk gas); 

Table 6.4: Interphase mass transfer coefficients

km, cm/s kms, cm/s kmg, cm/s

2.5×10-6 6.0×10-1 6.0×10-1
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As shown by Table 6.4, in a stagnant environment (within the film), mass transfer 

coefficient between the gas phase and the solid phase is much less than that in a flowing 

environment (between film and outside bulk gas).   

6.3.3 Discussion on Estimated Parameters 

6.3.3.1 Diffusivity

From Table 6.1 through Table 6.3, it is observed that the diffusivity value of 

moisture in the pores is in an order of magnitude of 1.0×10-10 cm2/s at room temperature.  

Assuming the pore diameter is 5 nm, the Knudsen diffusivity coefficient of moisture at 

room temperature can be estimated by the below equation [175]: 

A
k M

T
a9700D  ,

(6.15)

where, a = 2.5×10-7 cm;

      T = 298.15 K;

      MA = 18 g/mol;

then, Dk = 9.8×10-3 cm2/s.

Therefore, the estimated moisture diffusivity in the pore is significantly smaller 

than typical Knudsen diffusivity.  This could be explained because the transport through 

pores is not purely Knudsen diffusion, rather it is the diffusion process that combines 

mass transfer with mass exchange between pore and pore wall.  In other words, the 

moisture molecules not only collide with the pore walls but also adsorb and desorb 
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simultaneously.  This kind of mechanism tremendously causes the values of moisture 

diffusivity in the pore to deviate from those from the Knudsen diffusion.   

The results also show that the diffusivity of moisture in the low-k film matrix is in 

an order of magnitude of 1.0×10-14 to 1.0×10-16 cm2/s at room temperature as shown in 

the tables.  Typical values of the diffusivity of inter gas, such as N2 and CO2, in polymers 

are in an order of magnitude of 1.0×10-5 to 1.0×10-8 cm2/s [176-177,], while moisture 

diffusion in polymers is usually slower.  For example, Bhargava et al. reported that the 

diffusivity of moisture in HFPE-II-52 polyimide is about 1.0×10-9 cm2/s [20].  Diffusivity 

of moisture in most polymers is in an order of magnitude of 1.0×10-7 to 1.0×10-9cm2/s at 

room temperature [178].  The slow diffusivity of moisture in porous MSQ and BDIIx 

essentially is attributed to the strong interactions between the moisture molecule and film

matrix because water molecules could be dissociated to form hydroxyl groups that are 

bonded to the polymer bones.  Furthermore, the methyl group may cause steric resistance 

for moisture diffusion in the matrix. 

6.3.3.2 Impaction of Temperature on Diffusivity

A natural log of diffusivity in the film matrix for both the top and bottom layers of 

p-MSQ A (partial etch, N2/H2 ash) and p-MSQ C (partial etch, H2 ash only) was plotted

against the reciprocal of the temperature as shown in Figure 6.10 and Figure 6.11 for p-

MSQ A and p-MSQ C, respectively.  Similarly, the dependence of diffusivity in the film 

pore on temperature is shown in Figure 6.12 and 6.13 for p-MSQ A and p-MSQ C, 

respectively.  It was observed that the effect of temperature on the diffusivity of moisture 

through the matrix and the pore has Arrhenius dependence as shown below:
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D = D0 exp (-Ed/RT)

(6.16)

Similar plots were generated for other low-k films studied.  Activation energies 

for diffusivity were estimated by calculating the slope of the plot, while the pre-

exponential factors were determined by the intercept of the plot.  Table 6.5 and Table 6.6 

give the activation energies for the p-MSQ A and p-MSQ C film, respectively.  The 

activation energies estimated are in the range of 8-18 kJ/mol (or 0.08-0.18 eV) for the 

film.   Such low activation energy suggests that the removal of moisture is transport-

limited.  However, these values are slightly larger than that of moisture in silica, which is 

about 2.6 kJ/mol (0.02eV) [145].  It suggests that the diffusion in the two types of porous 

low-k films is more sensitive to temperature than that in silica.



                                                                                                                             251

Figure 6.10: Dependence of diffusivity in matrix on temperature (p-MSQ A)

Figure 6.11: Dependence of diffusivity in matrix on temperature (p-MSQ C)
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Figure 6.12: Dependence of diffusivity in pore on temperature (p-MSQ A)

Figure 6.13: Dependence of diffusivity in pore on temperature (p-MSQ C)
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Table 6.5: Activation energy of diffusivity for p-MSQ A

Matrix in top 

layer

Matrix in bottom 

layer
Pore

Activation energy of 

diffusivity, kJ/mol
15.4 17.8 15.0

Pre exponential factor D0, 

cm2/s
1.0×10-11 9.3×10-11 1.3×10-7

Table 6.6: Activation energy of diffusivity for p-MSQ C

Matrix in top 

layer

Matrix in bottom 

layer
Pore

Activation energy of 

diffusivity, kJ/mol
10.2 8.8 15.6

Pre exponential factor D0, 

cm2/s
1.7×10-14 6.6×10-15 2.3×10-7

6.3.3.3 Impaction of Temperature on Permeability

Permeation is the penetration of permeate, such as a liquid, gas, or vapor, through 

a film, and is related to a materials-intrinsic permeability.  It is an important parameter 

which is one of the factors determining the uptake and removal of moisture in the film.  

Permeation of an impurity through porous low-k films is normally given as the product of 

solubility and diffusivity of the impurity in the film.  The combined effect of diffusivity 
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and solubility is incorporated into the permeability value, thus this gives the overall 

transport of impurities in the film.  Permeability is typically defined as the volumetric 

flow rate of gas at steady-state, under standard temperature and pressure (STP) conditions 

through a unit surface area of the unit thickness of a sample at the unit pressure 

difference.  Similar to diffusivity, moisture permeability in the films has an Arrhenius 

dependence on temperature.   It is given by the following equation:

Ps = Po exp (-Ep/RT)

(6.17)

A natural log of permeability for both the top and bottom layers are plotted 

against the reciprocal temperature as shown in Figure 6.14 for p-MSQ A, and Figure 6.15 

for p-MSQ C.  The slope of the plots gives the activation energies of permeation through 

the film.  Similar plots were generated for other porous films.  Table 6.7 and Table 6.8 

list the activation energies of permeation for the p-MSQ A and p-MSQ C film, 

respectively.  The activation energies are estimated to be in the range of 5-12 kJ/mol 

(0.05-0.12 eV).
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Figure 6.14: Dependence of permeability in matrix on temperature (p-MSQ A)

Figure 6.15: Dependence of permeability in matrix on temperature (p-MSQ C)
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Table 6.7: Activation energy of permeability for p-MSQ A

Matrix in top 

layer 

Matrix in bottom 

layer 

Activation energy of 

permeability, kJ/mol
11.4 11.7

Pre exponential factor p0, 

cm2/s × cm3 (gas)/cm3 (solid)
2.2×10-5 1.0×10-5

Table 6.8: Activation energy of permeability for p-MSQ C

Matrix in top 

layer 

Matrix in bottom 

layer 

Activation energy of 

permeability, kJ/mol
6.7 4.7

Pre exponential factor p0, 

cm2/s × cm3 (gas)/cm3 (solid)
4.8×10-8 1.8×10-8

6.4 SUMMARY

1. A process model was developed that can be used to depict the transport 

process of impurity (such as moisture and IPA) in porous low-k dielectric films.  It has 

the capability to predict the change of impurity concentration in the pore and in the film 
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matrix, and to describe the interactions between the moisture in the pore and in the 

matrix.

2. The model was validated through experiments.  The results show that the 

model prediction matches well with the experimental data.

3. Through data fitting, the values of the following parameters were 

estimated: 

(1) moisture diffusivity in film matrix, Ds; 

(2) moisture diffusivity in film pore, Dp; 

(3) interphase mass transfer coefficient (between film and bulk gas), km;

(4) interphase mass transfer coefficient (between pore and matrix), kms;

(5) interphase mass transfer coefficient (between pore and matrix), kmg; 

(6) porosity, ε

4. Moisture diffusion and permeation through the film are extremely slow 

due to the strong interactions between moisture and the film.  
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CHAPTER 7

INVESTIGATION OF MOISTURE UPTAKE AND REMOVAL IN POROUS LOW-K 

DIELCTRIC FILMS – MODEL APPLICATION

7.1 INTRODUCTION

The process model developed in Chapter 6 is a powerful tool, which can be used 

to estimate the extent of moisture uptake when a clean sample is exposed to moisture 

under certain conditions (temperature, moisture concentration and fluid dynamics); 

similarly, it also can be applied to predict the extent of moisture removal under certain 

purge conditions, such as purge gas flow rate, purge gas purity and temperature.  More 

importantly, since throughput and thermal budget are important considerations for high 

volume manufacturing, the model provides such a capability that can optimize the purge 

process with minimized purge time and cost.  In addition, under certain cases, it is 

difficult to run an experiment for a certain study, such as the impact of a thin cap layer on 

moisture uptake and removal in porous low-k films.  But with the model, it is easy to 

investigate the impacts of a cap layer once the properties of the cap layer are known (in 

most cases, the values can be found on most handbooks).  

This chapter will be arranged as follows:

(1) How the geometry, such as film thickness, pore size and porosity, of the 

film affect moisture removal or uptake?
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(2) The effect of temperature, purge gas flow rate, purge gas purity, on 

moisture removal rate will be investigated.  A case study will be run to show how this 

model can be used to optimize the purge process.

(3) Distribution of moisture in film during the purge process;

(4) How the presence of a thin cap layer on the top surface of low-k film will 

affect moisture uptake and removal in low-k films.

7.2 EFFECT OF DIFFERENT GEOMETRIC PARAMETERS ON MOISTURE 

REMOVAL RATE

7.2.1 Film Thickness

It is evident as the feature size decreases, thinner dielectric films must be 

employed. As expected, the film properties can deviate from that of their bulk 

counterparts due to the constraints imposed by confined geometry.  It is found that most 

of the structural, optical, mechanical, electrical, dielectric and thermal properties of the 

films are thickness- dependent [179-183]. Thus, the thickness-dependent dielectric thin 

film properties become an important IC design and manufacturing concern.  In this study, 

the impact of film thickness on moisture removal was investigated.

Typically the film thickness is within the range of 100 nm to 500 nm [179, 

184,185].  Figure 6.7 shows the effect of film thickness on the dynamics of moisture 

outgassing from porous low-k films with different film thicknesses.  The films have 

identical properties as p-MSQ F, except the film thickness.  Before the purge started, it 
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was assumed that all the films were equilibrated with 56 ppb of moisture at room 

temperature.  The thickness affects both the film mass and the overall diffusional 

resistance.  Diffusional resistance is defined as the total path length for the moisture 

molecules to diffuse in the film.  Thinner film thickness suggests less diffusional 

resistance, which enhances moisture outgassing.  On the other hand, a decrease in film 

thickness simultaneously decreases the total amount of moisture absorbed in the film 

which, in turn, decreases the outgassing rate.  Therefore, if other conditions are 

maintained constant, then the outgassing rate is a unique function of film thickness and, 

as a result, the competition of diffusional resistance and total moisture mass in the film 

determines the temporal profile of moisture outgassing rate.

Comparing curves 1, 2 and 3, the sequence of diffusional resistance is 1 < 2 < 3, 

while the outgassing rate is 3 > 2 > 1 at the same purge time.  Consequently, it can be 

concluded that for thin films (less than 200 nm in thickness) the effect related to the total 

amount of moisture mass is dominant over the moisture outgassing rate.  While 

comparing curves 3 and 4, even after 50 hrs of purge, there is no significant difference 

between them for the moisture outgassing rate.  Hence, for films larger than 200 nm, the 

effect of film thickness is negligible because most of the early desorption is from a thin 

section of the film near the bulk purge gas; only at the late purge stages the effect of film 

thickness becomes noticeable.
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Figure 7.1: Impact of film thickness on moisture outgassing rate

7.2.2 Porosity 

Another important geometric parameter which affects moisture uptake and 

removal is total porosity of the film.  As porosity increases, from the point of moisture 

intrusion, there would be more interior surface area exposed to moisture contamination 

which suggests that the films are more susceptible to moisture.  In contrast, in a purge 

process, high porosity will definitely favor moisture removal due to the fact that moisture 

diffusivity in the pore is much faster than that in the matrix (order of magnitude 10-10

cm2/s versus 10-14 cm2/s).  Of course, as discussed in the previous section, higher porosity 

does not necessary mean a higher outgassing rate (but a higher percentage of removal) 

since the outassing rate also depends on the total mass of moisture in the film.   
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Figure 7.2 illustrates the moisture outgassing rate for the films that were initially 

equilibrated with 56 ppb of moisture challenge concentration at room temperature over a 

range of porosity from 0.2 to 0.6.  The results show that as porosity increases the 

outgassing rate decreases.  This is because the total amount of moisture absorbed in the 

film decreases with an increase in porosity since most of the absorbed moisture in the 

film is trapped in the film bulk matrix instead of the pores.  However, the decrease in the 

outgassing rate is not proportional to the increase of porosity.  This is because of various 

other factors that are also affected by the change in porosity. For example, a change of 

porosity will affect the mass exchange between the pore and matrix. 

Figure 7.2: Impact of film porosity on moisture outgassing rate
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7.3 EFFECT OF PURGE OPERATION PARAMETERS ON MOISTURE REMOVAL 

RATE

In order to minimize the chemical and energy usage (for ESH gain and cost 

reduction), as well as to decrease the effective k-value (for performance gain), it is 

important to know the effect of different operation parameters of purge process.  The 

process model can be used in the selection and optimization of important purge process 

conditions in the actual fabrication setting.  Purge temperature, purge gas flow rate and 

purge gas purity are among the most important operation parameters that concern the 

industry because these two conditions are directly related with operation budgets.  In the 

following sections, the effects of the three parameters on moisture outgassing rate have 

been studied and the results are applied to design an optimum purge process.  The results 

are discussed for two porous low-k films: p-MSQ A and p-MSQ F, but the impacts of the 

operation parameters on moisture removal rate for all the other porous films follows a 

similar trend.  

7.3.1 Flow Rate of Purge Gas

The simplest operation method that can be adjusted is purge gas flow rate.  In 

order to increase throughput and minimize UHP gas usage, it is important to optimize the 

purge flow rate.  Figure 7.3 shows the effect of purge gas flow rate on the percentage of 

moisture removal for ppb level exposure.  The p-MSQ F films were initially equilibrated 

with a 500 ppb moisture concentration at 250 °C.  The films were then isothermally 

purged with UHP N2 at three different flow rates of 300, 600 and 1000 sccm.  The purge 
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gas purity was 1 ppb.  It can be seen from the graph that increasing the flow rate 

enhances moisture removal from the film.  For example, to achieve 25 % moisture 

removal from the film, it takes around 9 hours at 300 sccm of purge gas flow rate, 

whereas, it only takes around 7 hours at a 1000 sccm purge flow rate.  This suggests that 

flow rate has a significant effect on moisture removal during the initial stages of the 

purging process. 

   

Figure 7.3: Effect of purge gas flow rate on moisture removal

(ppb exposure; sample: p-MSQ F)
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reduction in time is only half hour.  These results suggest that there is an optimum extent 

for increasing the flow rate.  After a certain level, a further increase in purge flow rate 

does not help in reducing time.  Practically, this conclusion is very important because if 

one is not aware of what level of flow rate is required for achieving a certain percentage 

of clean up, in most cases, one might be drying the films with a much higher flow rate 

than required and a lot of expensive UHP gases are wasted, which would have a 

considerable effect on the cost of clean up.

One more observation from Figure 7.3 is that in the initial purge stage, the slopes

of the profiles of the removal rates are very large, slowly they decrease as purge 

progresses.  The initial purge stage corresponds to primarily the removal of physisorbed 

molecules or weakly bonded molecules from the p-MSQ film.  Increasing flow rate also 

enhances the interphase transfer coefficients between the film surface and bulk gas phase.  

However, during late stages the effect of the flow rate becomes less important.  This is 

because during the end process only the chemisorbed species are left and removal of 

these forms of species is not sensitive to purge flow rate very much.  It can be concluded 

that purge flow rate is an important purge operation parameter in the removal of moisture 

from the film. Its effects vary during the purge process and it affects moisture removal 

significantly during the initial purge stage.  Optimizing the purge process would help in 

reducing both purge gas consumption as well as minimizing drying time.

7.3.2 Purity of Purge Gas

Purge gas purity is the second easiest adjustable operation parameter.  It also 

plays an important role in the removal of moisture from porous low-k films.  Similar to 
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purge gas flow rate, in order to lower cost and reduce UHP gas usage, it is important to 

know what level of purge gas purity is required to achieve a certain level of clean up. 

Figure 7.4: Effect of purge gas purity on moisture removal (ppb exposure)

(sample: p-MSQ F)

Figure 7.4 shows the effect of purge gas purity on moisture removal in p-MSQ F.  

Before the purge process started, the films were equilibrated with moisture of 500 ppb at 

250 ºC.  The films were then isothermally purged with UHP N2 with gas purity at three 

different levels of 1, 10 and 100 ppb.  As observed from this figure, increasing the purge 

gas purity from 100 ppb to 10 ppb significantly reduces the purge time, whereas there 

was not much gain in increasing the purity further.  For example, for 20% of removal, 

shown as a dashed line in the figure, increasing purge gas purity from 100 to 10 ppb leads 

to a decrease of two and half hours in cleanup time, whereas the reduction in time from 

Purge Time, hr

M
oi

st
u

re
 R

em
ov

al
, %

0

5

10

15

20

25

30

0 2 4 6 8 10 12

1 ppb
10 ppb

100 ppb

Purge Time, hr

M
oi

st
u

re
 R

em
ov

al
, %

0

5

10

15

20

25

30

0 2 4 6 8 10 12

1 ppb
10 ppb

100 ppb



                                                                                                                             267

10 to 1 ppb is not much.  Furthermore, as the purge progresses the difference between the 

100 ppb curve and the other curves keeps increasing. 

Figure 7.5: Effect of purge gas purity on moisture removal (ppm exposure)

(sample: p-MSQ A)

Figure 7.5 shows the effect of purge gas purity on moisture removal from p-MSQ 

A when the film was exposed to high concentration levels of moisture.  The films were 

first equilibrated with 100 ppm of moisture at 25 ºC, followed by isothermal desorption 
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with three different purge gases containing 1 ppb, 10 ppb and 100 ppb of moisture, 

respectively.  

Combing the results by Figure 7.4 and Figure 7.5, it is not difficult to find that the 

effect of purge gas purity is primarily towards the end of the desorption process.   This is 

because, for most of the desorption process, the moisture concentration in the film is 

much higher than the concentration that would be in equilibrium with the purge gas 

purity.  Therefore, re-adsorption of moisture is not significant.  However, during the late 

stages of desorption, film concentration becomes comparable to the concentration in 

equilibrium with the purge gas concentration; as a result, re-adsorption of moisture 

becomes important.  

Hence, using UHP gases for cleaning films which have been exposed to a high 

level of moisture is not required, and the films could be cleaned with relatively impure 

gas during the initial part of the cleaning process and only towards the end very pure 

purge gas is used.  This is an important conclusion because this optimization will help in 

significantly reducing the cost of drying the film, which is an important factor in high 

volume manufacturing.  The gas purification typically requires a lot of investment on new 

purifiers and purifier replacement.

7.3.3 Temperature of Purge Gas

Not like purge gas purity and purge gas flow rate which generally are easy to 

adjust, temperature is relatively difficult to deal with since it typically requires heating 

units, such as annealing furnaces.  However, as shown in Chapter 5, in order to break the 
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Si-OH bonds or remove chemisorbed moisture in porous MSQ and BDIIx low-k films, 

baking the contaminated films at an elevated temperature in an inert gas environment 

(usually UHP N2) seems the only option [186-188].  Meanwhile, minimizing energy and 

the constraint of having purge processes to stay within the thermal budget is an important 

aspect in effective cleaning of the films.  Therefore, it is important to have a fundamental 

understanding of the impacts of temperature on moisture removal rate.  This will help in 

minimizing energy usage for the optimal process.  

Figure 7.6 shows an example of how temperature affects moisture removal in p-

MSQ F for ppb level of exposure.  The films were first equilibrated at a 56 ppb moisture 

concentration at room temperature; this was followed by a purge with UHP N2 at three 

different temperatures: 30, 150 and 250 °C.  The purge gas purity was 1 ppb.  It can be 

observed from the graph that when increasing the temperature from 30 to 150 °C there is 

a significant reduction in time for achieving the same percentage clean up ( 5 hours 

reduction), whereas, when increasing the temperature from 150 to 250 °C, the reduction 

is also significant (7 hours).  Thus, the results illustrate that within this temperature range 

increasing the temperature enhances the moisture removal rate.  This is primarily due to 

two principal reasons: first of all, the increase in the desorption rate at an elevated 

temperature dominates over the increase of the re-adsorption rate during a purge process; 

secondly, more Si-OH bonds will be broken at a high temperature.  
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Figure 7.6: Effect of purge gas temperature on moisture removal (ppb exposure)

(sample: p-MSQ F)

The effect of temperature on the percentage of moisture removed from film p-

MSQ A for high ppm level of exposure is shown in Figure 7.7.  The films were first 

saturated with 1500 ppm of moisture at room temperature, followed by desorption 

processes at three different temperatures, 25, 200 and 380 °C.  
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Figure 7.7: Effect of purge gas temperature on moisture removal (ppm exposure)

(sample: p-MSQ A)

Similar to Figure 7.6, it is also observed that increasing the temperature enhances 

the outgassing rate significantly.  For instance, it takes around 180 minutes at 25 °C in 

order to reach 90% of moisture removal, but it takes less than 15 minutes at 200 °C for 

the same percentage removal.  It can also be noted from the graph that when going from 

25 °C to 200 °C, there is a significant gain in time for achieving the same percentage of 

clean up, whereas, when going from 200 °C to 380 °C, the gain is not much. Therefore, 

the advantages of increasing the moisture removal rate may be offset by the increase in 

the energy consumption or by exceeding the thermal budget.  There is a trade-off 

between a gain in time and an increase in energy consumption, and there is an optimum 

extent of heating for enhancing the desorption process.  The thermal budget is a measure 

of the integrated heat treatment of the sample over the entire process time and should be 
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minimized.  However, during the late stages of desorption, increasing temperature is the 

only way of enhancing the moisture removal rate because concentration of moisture in 

the film is very low given that all other operating conditions remain same, and 

chemisorbed species that are left in the film are much more activated. Consequently, 

optimizing the temperature for minimizing energy usage and staying within the thermal 

budget becomes an important aspect of an effective purge process.

7.4 PURGE OPTIMIZATION FOR ESH GAIN

As discussed in the above sections, the pure gas flow rate, purity and temperature, 

significantly affect moisture removal in porous low-k films.  In order to minimize both 

the purge time and purge cost, it is necessary to optimize the purge process.  Figure 7.8 

shows a case in which the process model can be used for an optimal purge with ESH 

gain.  In this example, initially clean BDIIx A films were exposed to 1000 ppb of 

moisture for 30 minutes at room temperature.  Four different purge options with different 

combinations of purge temperature, flow rate and purity, were used to achieve the same 

percentage of moisture clean up which, in this case, is 80 %.  The time and cost for clean 

up is compared.  The details about the four purge options are listed below:

Option 1: the purge temperature was instantly raised up to 380 ºC from room 

temperature. The purge flow rate was 2000 sccm and the purge gas purity was 20 ppb.  

Option 2: similar to Option 1, the purge temperature was also instantly raised up 

to 380 ºC from room temperature. The purge flow rate was 2000 sccm, but the purge gas 

purity was 1 ppb.
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Option 3: similar to Option 1, the purge temperature was also instantly raised up 

to 380 ºC from room temperature, but the purge flow rate was only 500 sccm and the 

purge gas purity was 1 ppb.

Option 4: the temperature was instantly raised to 100 ºC, then ramped from 100 

ºC to 380 ºC and kept constant; the flow rate was initially at 3000 sccm and was slowly 

ramped down to 500 sccm.  Purge purity was kept at 1 ppb.

The costs were considered from these sources: houseline N2, purifiers and electric 

power. 

Figure 7.8: Schematic of purge optimization

It can be observed from the figure that under the purge conditions as shown, for 

Option 1, it took around 5.5 hours and slightly more than $7/wafer to achieve 80 % clean 
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up.  The goal of the optimized purge process is to move along the arrow as shown in the 

figure which reduces both cost and time of clean up

First the effect of purge purity on clean up time and cost was studied.  In Option 2 

temperature and purge flow rate were kept the same as Option 1, but purge purity was 

increased to 1 ppb.   Under these conditions the purge time was significantly decreased 

from 5.5 hours to 3.2 hours, whereas, the purge cost was slightly increased from 7.1 

$/wafer to 8.7 $/wafer.  In Option 3 the purge flow rate was reduced to 500 sccm while 

purge purity was raised to 1 ppb and the desorption temperature was the same as Option 

1.  With this purge process, the cost was reduced dramatically (7.1 $/wafer to 2.6 

$/wafer), however, the time for clean up increased from 5.45 hours to 7.3 hours.  

Therefore, there is a tradeoff between saving time (increasing the throughput) and 

lowering the operation cost.  By optimizing the operation parameters of the purge 

process, it is possible to decrease both purge time and purge cost.  Option 4 is one such 

example.  As compared with Option 1, the purge time was decreased from 5.5 hours to 4 

hours, and the purge cost was reduced by 2.5$/wafer.

However, it should be noted that Option 4 is not the best optimized process; 

optimizing the parameters further can help move the point further towards the arrow.  

There is room for major improvement and cost saving using the process model as a 

guiding tool and it is a powerful device for minimizing the energy and chemical usage.
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7.5 PREDICTION OF MOISTURE DISTRIBUTION WITHIN FILM

Only knowing the average moisture in the film sometimes is not enough.  For an 

example, during a purge process, moisture concentration at the top surface near the bulk 

purge gas may drop down to a low level very fast, while moisture concentration near the 

interface between the substrate and low-k film typically maintains a relative high level if 

the purge is not complete.  These moisture molecules can slowly diffuse through the film 

and cause problems later in the manufacturing process, resulting in deteriorated adhesion 

between the low-k film and cap layer, damaged wafers and, thus, an increase in the cost 

of manufacturing.      

For practical reasons, it is difficult to measure the distribution profile of moisture 

within the ultra thin film during transient state.  The process model developed in this 

study has the capability to predict the distribution of moisture in the porous low-k 

dielectric films during moisture uptake or removal.  This kind of prediction will help to

understand where the moisture actually resides in the low-k and how deep the moisture 

can diffuse into the film when contamination occurs.  In the long term, moisture residing 

in the deep side will slowly diffuse out of the film and damage the reliability of the whole 

device. 

This section gives an example to show how this model can be used to predict 

moisture distribution profiles within an ultra-thin film during moisture uptake and 

removal.  A clean p-MSQ A (partially etched, ashed in N2/H2 plasma) film that consists 

of two layers (50 nm each) was exposed to 1500 ppm of moisture concentration for 15 
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minutes at room temperature.  The film was then isothermally purged with UHP N2 to 

remove the moisture incorporated in the film.

Figure 7.9 shows the distribution profiles of moisture within the film at different 

purge times.  Curve a is the distribution profile before the start of the purge process, i.e., 

after 15 minutes of exposure to 1500 ppm of moisture.  Curves b through e gives the 

distribution profiles after 5, 10, 30, and 60 minutes of purging.

a: 0 min; b: 5 min; c: 10 min; d: 30 min; e: 60 min (purge times)

Figure 7.9: Moisture distribution profile within p-MSQ A during a purge process 

(Purge gas purity: 1 ppb)
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bottom surface reverses and the moisture molecules permeate from the bottom layer to 

the top layer and finally desorb from the film.  Even after 60 minutes into the desorption 

process, the concentration at the low-k/substrate interface is still higher than that at the 

beginning of the desorption process.  This is because when the top surface, i.e., the 

interphase between the film and bulk gas phase, is exposed to the purge environment, 

there are two competitive driving forces during the initial stage of the desorption process: 

one is the concentration gradient at the interface of the top and bottom layer within the 

film; the other is the concentration gradient between the top surface of the film and the 

bulk purge gas.  The former one directs inwards because moisture concentration in the 

top layer is higher than that in the bottom layer; the later one directs outwards because 

there is a dramatic concentration gradient between the purge gas (1 ppb) and the top layer 

of the film that was originally contaminated with 1500 ppm of moisture.  It is these two 

opposing driving forces that determine the concentration profile within the film.  

If the purge stops after 1 hour of purging, now it is easy to see that actually 

moisture near the bottom interface (low-k/substrate) is still quite high.  This portion of 

moisture is more difficult to remove and would gradually outgas, causing reliability 

issues.  

7.6 EFFECT OF A THIN CAP LAYER ON MOISTURE UPTAKE AND REMOVAL 

IN POROUS LOW-K DILECTRICS FILMS 

Porous low-k films are applied both as interlayer dielectrics (ILD) and inter-metal 

dielectrics (IMD).  In order to make the porous low-k films more compatible with 
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chemical mechanical polishing (CMP) processes, and to effectively block the diffusion of 

copper and other impurities into low-k film, typically on the top of a porous low-k film, a 

thin dense barrier layer, or so called cap layer, is deposited.  The thickness of the cap 

layer varies from 10 nm to 50 nm [189, 190].  Various materials are used to form a cap 

layer, such as a-SiOC:H [189], SiC:H [190], SiO2, TiN [191], and SiN [192], and 

Parylene [193].  

There has been little or no work on the effect of a thin cap layer on moisture 

uptake (absorption) and removal (desorption) in porous low-k films.  Moisture uptake 

and removal have a complex dependence on the moisture solubility and diffusivity in the 

cap layer.  By using the model developed in this research, it is possible to infer this 

information if the values of moisture solubility and diffusivity in a particular cap material 

are known.  Unfortunately, this property data for most of the cap layer candidates is not 

available.  In this research, two extremely different values of diffusivities of the cap 

layer, 7.5×10-9 and 7.5 ×10-15 cm2/sec were assumed to see the effects of the cap layers 

on moisture uptake and removal in low-k film.  Moisture solubility in Parylene C (one of 

the cap materials) at room temperature is chosen as the moisture solubility value [194]. 

The value is 60 cm3 (gas)/cm3 (solid), a number far below the moisture solubility in p-

MSQ A.  Figure 7.10 compares moisture absorption dynamics in five different films: one 

100 nm thick uncapped uniform low-k film with moisture solubility 1.1×107

cm3(gas)/cm3(solid) and moisture diffusivity 7.5 ×10-15 cm2/sec at room temperature, and 

four capped films with 10 nm thick and a dense cap layer (porosity ~0) on the above 
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mentioned uniform low-k film.  These four cap layers have different combinations of 

moisture solubility and diffusivity which are shown in Figure 7.10.  

Curve 1, 2 and 3 correspond to the left Y axis; Curve 4 and 5 correspond to the right Y 

axis. 1, 2, 4, 5-Capped films; 3-Uncapped film; Properties of the cap layers: 1: DS=7×10-

9, S=1.3×107; 2: DS=7×10-15, S=1.3×107; 4: DS=7×10-9, S=60; 5: DS=7×10-15, S=60. 

Units: DS - cm2/sec; S - cm3(gas)/cm3(solid)

Figure 7.10: Moisture adsorption in capped and uncapped films

(Moisture challenge concentration: 1500 ppm; temperature: 25 ºC; low-k film thickness: 

100 nm; cap layer thickness: 10 nm.)

The results show that the moisture absorbed in the capped low-k films with 

moisture solubility 60 cm3(gas)/cm3(solid)  (curves 4 and 5) is three orders of magnitude 

less than that in the two capped low-k films with moisture solubility 1.1×107 cm3

(gas)/cm3 (solid) (curves 1 and 2) at the same exposure time for identical exposure 
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conditions.  A comparison of curves 1 and 2 or curves 4 and 5, for the same moisture 

solubility values, shows that the effect of diffusivity on moisture uptake is minimal.  This 

suggests that moisture solubility, instead of diffusivity, plays a dominant role in blocking 

moisture penetration into the underlying low-k film.  Furthermore, a comparison of curve 

3, which is the moisture uptake dynamics for the uncapped low-k film, with curve 4 or 

curve 5, shows that the two cap layers can effectively block moisture penetration into the 

low-k film irrespective of the value of moisture diffusivity in the range of 7.5×10-9 to 7.5 

×10-15 cm2/sec. 

The above results could be explained by the fact that, for the capped films, 

moisture first has to diffuse through the cap layer before it reaches the low-k film. In 

other words, the amount of moisture that can be incorporated into the cap layer mainly 

determines the moisture driving force (concentration gradient and flux) in the underlying 

low-k film.  The maximum moisture loading in the cap layer is restricted by a 

thermodynamics relationship, that is, the moisture solubility at a certain temperature.  

Diffusivity, a dynamics property, has only a small effect on the moisture loading in the 

low-k film.

Apart from moisture absorption, another concern is what role the cap layer plays 

during a cleanup process.  The five films above were initially equilibrated with 1500 ppm 

of moisture challenge concentration, followed by desorption process.  The results in 

Figure 7.11 show that there is no considerable difference among these five films after 5 

hours purge.  
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1, 2, 4, 5-Capped films; 3-Uncapped film; Properties of the cap layers: 1: DS=7×10-9, 

S=1.3×107; 2: DS=7×10-15, S=1.3×107; 4: DS=7×10-9, S=60; 5: DS=7×10-15, S=60. Units: 

DS - cm2/sec; S - cm3(gas)/cm3(solid)

Figure 7.11: moisture desorption in capped and uncapped films

(Initial moisture challenge concentration: 1500 ppm; temperature: 25 ºC; purge gas 

purity: 1 ppb; low-k film thickness: 100 nm; cap layer thickness: 10 nm.)

Figure 7.11 suggests that the cap layer does not offer significant resistance to 

block moisture diffusing out of the low-k film.  This is primarily because the cap layer is 

so thin that moisture molecules in the cap layer can quickly diffuse out to the purge gas 

as long as the purge gas purity is high enough (less than 1 ppb in the case studied) to 

maintain a driving force high enough between the cap layer and bulk purge gas.  In other 

words, even though the moisture concentration is very low in the cap layers with low 
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values of moisture solubility, the concentrations in these cap layers are still much higher 

than what equilibrates with 1 ppb purge gas.  Thus, the effective concentration at the 

interface of the cap layer and the low-k film is maintained at such low levels as compared 

to concentration in the low-k film.  This results in almost the same driving force in all the 

capped films, leading to similar removal rates.

7.7 SUMMARY

1. A process model was developed to elucidate the interactions of moisture 

with porous films.  The model was used to study the effect of film porosity and film 

thickness on moisture removal rate.  There are two competing factors which affect 

moisture removal rate when changing porosity.  These are film mass and mass transport 

through the pores.  Similarly, two competing factors determine moisture outgassing rate 

when changing film thickness.  These are the film mass and diffusional resistance.  

Depending on the conditions, either of these factors can play a role in moisture removal.

2. The parametric study showed the effect of different purge operation 

parameters, namely purge gas flow rate, purge gas purity, and temperature, on the 

removal of moisture from the porous low-k dielectric films.  Increasing the purge gas 

flow rate primarily affects the early stages of the purge, while increasing the gas purity 

helps in the final stages of outgassing.  Increasing the temperature increases the 

outgassing rate; in low temperature range, the increase in temperature plays more 

prominent role on moisture outassing rate as compared to that in high temperature range.
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3. In order to minimize the purge time and purge cost, the purge process 

must be optimized. A case study was done to show the usefulness of the model to 

develop an optimum purge/drying recipe.  This would help save on operation costs.

4. The model is capable of predicting distribution of moisture within the film 

in a transient process, either in moisture uptake or removal.  During the process of 

moisture removal or purge, if moisture concentration gradient exists within the film, i.e., 

0



z

Cs
, and z directs to the interphase between low-k film and bulk purge gas, moisture 

molecules within the film experience two competing driving forces: one, between the 

moisture in the middle of the film and ambient and the other, between the moisture in the 

middle of the film and the bottom of the film.  During the initial part of the purging 

process, the concentration of moisture deep inside the film increases.  This portion of 

moisture molecules is difficult to remove and will cause reliability problems during later 

stages of the manufacturing process. 
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CHAPTER 8 

IMPACT OF PATTERNING PROCESSES ON UPTAKE AND REMOVAL OF 

MOLECULAR CONTAMINANTS IN POROUS LOW-K FILMS

8.1 INTRODUCTION

The preservation of the electrical properties of low-k dielectrics throughout 

integration in damascene processes is a challenging task, since low-k dielectric films are 

extremely susceptible to physical and chemical damage during interconnects processing.  

Advanced patterning in damascene technology strongly relies on the use of plasma-based 

processes for dielectric etch and photoresist removal (i.e., ash) [66].  Much literature has 

reported how plasma etch and ash deteriorate the low-k films [62, 125, 126, 195,196].  

For instance, Humbert et al. found that NH3 and N2-diluted plasmas increase the 

dielectric constant and deteriorate the leakage current, associated with carbon depletion 

and silanol formation [62].    The plasma treatment and the type of the plasma chemistry 

are not only significant in terms of the low-k dry etch and ash characteristics, but are also 

shown to change the properties of the low-k material itself [197, 198].  These changes are 

induced by the reactions between the low-k material and the plasma, which can then 

influence the adhesion characteristics, the binding states of the metal films deposited 

[199], and hydrophobicity of the film.  These effects are expected to be even more 

pronounced for porous dielectrics, due to the diffusion of reactant species through the 

pore network [200].  
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However, deep exploration into how patterning processes (etch and/or ash) affect 

the properties of low-k film is out of the scope of this study.  This chapter mainly focuses 

on the change of interaction mechanisms between molecular contaminants, such as 

moisture and IPA, and porous low-k materials, which is induced by etch and/or ash 

processes.  Complete understanding on the mechanisms will assist in deciding the 

potentiality of successful integration of porous low-k materials as interlayer dielectrics 

with semiconductor manufacturing processes.  In other words, the comparison on the 

difference between moisture uptake and removal in the processed films and blanket films 

is the principal concern of this study.  The mechanisms behind the differences will be 

investigated through analysis of contact angle measurement, Fourier transform infrared 

spectroscopy (FTIR), transmission electron microscopy (TEM) and mass spectrometers, 

and literature review as well.  Similar to Chapter 5, FTIR, atmospheric pressure 

ionization mass spectrometer (APIMS), electron impact mass spectrometer (EIMS) and 

Cavity Ring Down Spectroscopy (CRDS) were applied to measure moisture (and IPA) 

loading and dynamics of moisture (and IPA) uptake and outgassing in different processed 

films.  As the literature review in Chapter 1 and experimental results in Chapter 5 reveal, 

the removal of moisture in low-k materials is a slow and activated process.  In addition,

the incorporation of trace amounts of moisture into low-k films causes an increase in the 

effective dielectric constant value of the films; and moisture outgassing degrades the 

device reliability.  Consequently, moisture was selected as the principal contaminant of 

interest.  However, the IPA outgassing also was slightly explored in this chapter.

The sequence of this chapter will be arranged as follows:
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(1) TEM analysis;

(2) Contact angle measurement and FTIR analysis;

(3) Dynamics of moisture and IPA uptake and removal in different low-k films;

8.2 TEM AND EDS ANALYSIS

A transmission electron microscope (TEM) was used to characterize the 

morphology of p-MSQ A-E and BDIIx A-D films as well as to measure the thickness of 

these films.  Figures 8.1a-e and Figure 8.2 a-d show the TEM micrographs for the various 

films studied.  The blanket films were deposited on a silicon substrate using a spin 

coating method for generating p-MSQ films and a plasma enhanced chemical vapor 

deposition (PECVD) method for generating BDIIx films.  The blanket films were 

intentionally exposed to different plasma environments to create different surface types 

with the purpose of simulating how etch and/or ash processes impact the blanket films.   

For each sample multiple TEM images were taken which were reproducible.   

As observed from Figure 8.1a, the blanket p-MSQ film (p-MSQ E) that has been 

cured with UV only has a very smooth and uniform single layer.  It is evident from the 

micrograph that the top surface of the film and the interface between the substrate and the 

film is very even.    The average thickness of the low-k film is about 200 nm.
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                             Figure 8.1a                                                  Figure 8.1b

              

                                              

                                         Figure 8.1c                                   Figure 8.1d

                                                      Figure 8.1e

Figure 8.1: TEM Images of p-MSQ films
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Figure 8.1b is the TEM image of p-MSQ film (p-MSQ A) which was formed by 

exposing a blanket film to a plasma environment.  It was partially etched for 10 seconds 

and ashed with a mixture of N2 and H2 to create a surface similar to actual conditions in a

semiconductor manufacturing process.  It is found from the micrograph that the etching 

and ashing processes decrease the thickness of the original blanket film that is 200 nm, 

and also changes the morphology of the surface, where the film is rougher as compared to 

the blanket film p-MSQ E.  Only the 100 nm p-MSQ film remained on the substrate after 

the etching and ashing processes.  The figure also shows the formation of two distinct 

layers, a damaged top layer (section a in Figure 8.1b) and a uniform unaffected bottom 

bulk layer (section b in Figure 8.1b).  The thickness of each section is around 50 nm.  

Figure 8.1c shows the TEM micrograph of the p-MSQ B film which was partially 

etched for 10 seconds and then exposed to a mixture of a He and O2 plasma environment 

for 20 s.  This figure also shows the formation of two distinct layers of the low-k film.  

The overall film thickness is around 125 nm; the thickness of the top layer is about 75 nm 

and the bottom one is about 50 nm.   Figure 8.1d represents the TEM micrograph of the 

p-MSQ D film which was partially etched for 10 s and without any further ashing 

process.   This film seems still uniform, but the film thickness is 150 nm, which suggests 

about 50 nm of low-k material was striped away by the etch process.  The TEM 

micrograph of the p-MSQ C film that was partially etched and ashed in H2 plasma for 20 

seconds is shown in Figure 8.1e.   It is a uniform layer with a film thickness about 110 

nm.  Since all the etch conditions and the original blanket low-k film are the same for the 

p-MSQ A (partial etch, N2/H2 ash), p-MSQ B (partial etch, He/O2 ash), p-MSQ C (partial 
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etch, H2 ash) and p-MSQ D (partial etch, no ash) films, it is not difficult to see that the 

ashing process damages more or less to the films depending on the plasma chemistry and  

reaction conditions. 

As shown in Figure 8.1b, the top damaged layer appears to be more porous 

compared to the bottom bulk layer.  This is most probably because the hydrogen radical 

formed in H2 plasma is very active, which can break the bond of Si-CH3 and form Si-H,

resulting in a more porous structure [201].  Figure 8.1c also shows the top layer of p-

MSQ B is more porous than the bottom layer.  The mechanism of this is similar to H2

plasma damage: the highly active oxygen radical depletes carbon from the polymeric 

chain forming CO2 and H2O as byproducts [202, 203].  The extent of damage depends on 

the exposure time and types and conditions of plasma reaction.   For example, the p-MSQ 

C (partial etch, H2 ash) does not appear to be two distinct layers.  One concern is about 

the morphology difference between p-MSQ A (partial etch, N2/H2 ash), shown in Figure 

8.1b, and p-MSQ C, (partial etch, H2 ash) shown in Figure 8.1e, since all the films were 

treated with H2 plasma.  It seems that more damage was created in p-MSQ A (partial 

etch, N2/H2 ash) than p-MSQ C (partial etch, H2 ash).  Typically the inert gas (such as N2, 

He and Ar) diluted H2 plasma is less aggressive than pure H2 plasma [204,205].  The only

reason causing the above result is because the recipes for forming p-MSQ A and p-MSQ 

C are completely different, even though all of them were treated with H2 plasma.  The 

factors of the reaction recipe could be flow rates of the reactants, pressure and 

temperature.  
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The TEM micrographs of the BDIIx samples are shown in Figure 8.2.  It is 

observed that the film thickness has slightly decreased from 300 nm to 260 nm after 

different plasma treatments.   Unlike the p-MSQ films, the differences among the plasma 

treated films are difficult to be identified.    

     Figure8.2a                                                            Figure 8.2b

          Figure8.2c                                                              Figure 8.2d

Figure 8.2: TEM Images of BDIIx films
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It can be concluded that the etching and ashing processes change the properties of 

the films, which, in turn, may affect the interaction behaviors between the low-k film and 

molecular contaminants, which will be confirmed by the following sections.  Thus, 

studying the adsorption behavior of patterned film is important for successful integration 

of these films in an integrated circuit manufacturing process.

Energy Dispersive X-ray Spectrometer (EDS) was used to study the changes in 

composition of the different films.  It is believed that different processing conditions not 

only affect the surface morphology of the films, but also change the composition of the 

films.  Table 8.1 gives the intensity of silicon, oxygen and carbon of some of the p-MSQ 

films by EDS.

Table 8.1: Energy Dispersive X-ray Spectrometer results

Film Type Conditions Si O C

p-MSQ A
Partial etch @ 10s, 

N2/H2 ash @ 20s
high very little very little

p-MSQ B
Partial etch @ 10s, 

He/O2 ash @ 20s
high very high very little

p-MSQ C
Partial etch @ 10s, 

H2 ash @ 20s
high very Little little

p-MSQ E
Blanket and cure 

only
high high very high
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8.3 CONTACT ANGLE AND FTIR ANALYSIS

The hydrophobicity of the p-MSQ and BDIIx films was determined by measuring 

the contact angle of DI water (18.2 MΩ·cm) with a goniometer (Model 100-00, Rame-

Hart Inc.).  All measurements were taken at room temperature and under atmospheric 

conditions.  The values reported are averages of 6 measurements made on different areas 

of the sample surface.  Table 8.2 lists the contact angles of the as-received samples and 

the same sample that has been stored in a clean room for years.

First, let’s analyze the contact angles of the as-received samples which are shown 

in the third column in Table 8.2.  It can be seen that the as-received blanket p-MSQ film 

(p-MSQ E) and blanket BDIIx film (BDIIx A) have hydrophobic surfaces (contact angle 

is bigger than 100°).  This is because of the presence of non-polar bulky methyl groups in 

the polymeric chain of the films [19, 26, 27, 46, 206].  The impact of patterning processes 

(etch and/or ash) on the physical properties of low-k dielectric films is very complex 

[141, 207, 208]; Different low-k materials have dramatically different sensitivity to the 

same plasma chemistry.  For example, Wei et al. reported that H2 and N2 plasma 

treatment can make FLARETM 2.0 (an organic low-k dielectric with composition of 

Cx:Hy:Fz) more hydrophilic while making the inorganic low-k materials, hydrogen-

silsesquioxane (HSQ), more hydrophobic [202].  In the samples tested in this study, the 

sample providers did not disclose detailed information on the etching chemistry and 

conditions.  Comparing the contact angles of p-MSQ D (partial etch, no ash) and p-MSQ 

E (blanket and cure only), it is found that the surface becomes pretty hydrophilic after the 

etching process.  
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Table 8.2: Contact angles of the test samples

Samples Conditions

Contact Angles

As-received Stored*

p-MSQ A Partial etch @ 10s, N2/H2 ash @ 20s 102° 48°/60°**

p-MSQ B Partial etch @ 10s, He/O2 ash @ 20s 50° 18°

p-MSQ C Partial etch @ 10s, H2 ash @ 20s 90° 21°

p-MSQ D Partial etch @ 10s, no ash 48° 21°

p-MSQ E Blanket and cure only 105° 57°

BD IIx A k-2.3, Blanket and cure only 104° 46°

BD IIx B k-2.3, E-NH3 PT 75° 20°

BD IIx C k-2.3, E-NH3 He PT 90° 20°

BD IIx D k-2.3, E- He PT 98° 35°

* After being stored in a cleaning room environment for two years (completely saturated with 

moisture)

** After being baked at 200 ºC for 3 hours with UHP N2

Usually, fluorine or chlorine compounds are used for etching inorganic based 

dielectrics; plasma-containing oxygen is used to etch organic based dielectrics [209]; and 

a mixture of fluorine compounds and oxygen is used to etch hybrid dielectrics [125, 199, 

203].  Etching SiO2 in CHF3 plasma results mainly in the products like SiF4, CO2, COF2

and water [210].  The production of water makes the surface hydrophilic through the 

formation of silanol (Si-OH).  On the bone of the p-MSQ polymeric chain, there are 

tremendous Si-O-Si bonds, which are similar to SiO2.  Therefore, even though the etching 

conditions were not specified by the sample provider, it can be inferred that etching p-
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MSQ also may generate moisture like the etching SiO2 does due to the plasma reaction 

resulting in the formation of Si-OH.  

Comparing p-MSQ D (partial etch, no ash) with p-MSQ B (partial etch, He/O2

ash), it is found that the O2 ash will maintain the surface hydrophilic.  Actually, the 

oxygen plasma itself can significantly deteriorate the polymer chain of MSQ by depleting 

carbon from the chain resulting in a hydrophilic film [202, 203].   Further comparing p-

MSQ D (partial etch, no ash) with p-MSQ A (partial etch, N2/H2 ash) and p-MSQ C 

(partial etch, H2 ash), it is observed that the H2 plasma can alter the hydrophobicity of p-

MSQ D (partial etch, no ash) film dramatically by changing the contact angle of p-MSQ

D (partial etch, no ash) from 48° to 102° and 90° for  p-MSQ A (partial etch, N2/H2 ash) 

and p-MSQ C (partial etch, H2 ash), respectively.   The hydrogen radicals generated in 

N2/H2 and H2 plasma typically passivates the dangling bonds on the low-k film exterior 

surface resulting in a hydrophobic hydrogen-passivated surface [50, 63].  Furthermore, 

the small size hydrogen radicals also penetrate deep into the film and form a passivation 

layer on the interior surface of the film (pore), which can significantly decrease the 

formation of Si-OH [127, 211].  

Comparing the contact angles of the as-received BDIIx samples, it is found that 

the NH3 plasma treatment makes the film more hydrophilic.  This could be attributed to 

one reason, that is, the plasma induces carbon depletion [211].   

Baking and purging the samples with UHP N2 can remove moisture adsorbed in

the films.  For instance, the contact angle of p-MSQ A was increased to 60° from 48° by 
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baking it at 200 ºC for 3 hours.  Figure 5.13 already has shown that the intensity of Si-OH 

decreases after baking.

Second, let’s compare the contact angles of the samples that have been stored in 

the cleaning room environment for two years.  It is observed that the hydrophobicity of 

all the films changes drastically as shown in the fourth column in Table 8.2.  All the films 

are hydrophilic, even the original hydrophobic films, such as, p-MSQ A, E and BDIIx A.  

The reason is due to the formation of Si-OH on the film surfaces after such long storage 

time under a high moisture exposure environment.   Figure 8.3 and 8.4 show the FTIR 

spectra of the samples that have been stored for two years.  Table 8.3 lists the area of the 

absorption peak from 3800-3200 cm-1 for all the samples.  The peak band, 3800 - 3200 

cm-1, corresponds to the stretching mode of O-H and includes the coupled information of 

chemisorbed and physisorbed moisture in the films.

Figure 8.3 and Table 8.3 show that for the BDIIx samples, moisture adsorption in 

the blanket film (spectrum 1 in Figure 8.3) and in the film treated with He plasma 

(spectrum 4 in Figure 8.3) has less moisture loading as compared to other processed films 

(spectrum 2 and 3 in Figure 8.3).   These results are consistent with the contact angle 

measurement: the hydrophilic surface is more susceptible to moisture.    Comparing 

spectrum 2 and 3, it is observed that most of the moisture adsorbed in the BDIIx B film 

(E-NH3 PT) is in a form of isolated Si-OH, while most of the moisture adsorbed in BDIIx 

C (E-NH3/He PT) is in a form of physisorbed moisture.   Typically, moisture in a form of 

isolated Si-OH is more difficult to remove as compared to physisorbed moisture. 

Therefore, in order to remove moisture in BDIIx B (E-NH3 PT), baking the films at an 
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elevated temperature seems to be the only option, while purging the BDIIx C (E-NH3/He 

PT) with dry gas at room temperature should be sufficient enough.  Of course, baking the 

BDIIx C (E-NH3/He PT) will absolutely favor moisture removal in the film, but baking 

may add more cost due to the requirement of extra energy input.

Figure 8.3: FTIR spectra of stored BDIIx samples in peak band 3800-3200 cm-1

(O-H stretching; not normalized with film thickness)
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Figure 8.2 FTIR spectra of –OH stretching bonds of stored p-MSQ samples 

Figure 8.4. FTIR spectra of stored p-MSQ samples in peak band 3800-3200 cm-1

(O-H stretching; not normalized with film thickness)
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Table 8.3: Area below 3800-3200 cm-1 (O-H stretching mode)

(Normalized with film thickness)

Samples Conditions
Contact Angles Area

(a.u.)Stored*

p-MSQ A Partial etch @ 10s, N2/H2 ash @ 20s 48° 0.7043

p-MSQ B Partial etch @ 10s, He/O2 ash @20s
18° 0.1368

p-MSQ C Partial etch @ 10s, H2 ash @ 20s
21° 0.2739

p-MSQ D Partial etch @ 10s, no ash
21° 0.2997

p-MSQ E Blanket and cure only
57° 0.1615

BD IIx A k-2.3, Blanket and cure only 46° 0.1420

BD IIx B k-2.3, E-NH3 PT 20° 0.3041

BD IIx C k-2.3, E-NH3 He PT 20° 0.3692

BD IIx D k-2.3, E- He PT 35° 0.1841

* After being stored in cleaning room environment for two years

Figure 8.4 and Table 8.3 reveal that the p-MSQ A (partial etch, N2/H2 ash; 

spectrum 1 in Figure 8.4) has the highest moisture loading as compared to other films,   

while p-MSQ B (partial etch, He/O2 ash; spectrum 2 in Figure 8.4) has the lowest 

moisture loading.  These results are contradictory with the contact angle measurements.  

It is important to know the hydrophobicity of the surfaces because this would 

affect the moisture interaction behavior with low-k materials. However, it should be 

noted that just contact angle measurement cannot completely depict the whole picture of 
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the interactions, and it does not absolutely determine the uptake and removal of moisture 

in porous low-k films either.  Contact angle measurement is the measure of a droplet of 

water on the surface of the film, whereas adsorption of moisture into the films not only 

depends on the hydrophobicity of the surfaces, but also on the density of the film (or 

porosity) and exposure time.  Contact angle measurement is a very quick analysis, but 

adsorption or moisture into the films or moisture permeation through porous low-k film is 

a dynamic procedure.  The permeation may initially occur very slowly, but once a trace

amount of moisture is incorporated into the film, Si-OH will be formed; subsequently, the 

newly formed Si-OH induces more moisture adsorption into the bulk of the film.  This 

cycle significantly exaggerates the total amount of moisture adsorption in the film after a 

certain exposure time with a high concentration of moisture.   

8.4 DYNAMICS OF UPTAKE AND REMOVAL OF MOISTURE IN P-MSQ AND 

BDIIX FILMS

The following sections compare the moisture loading and dynamics of moisture 

uptake and removal in two p-MSQ films and two BDIIx films, and the dynamics of IPA 

outgassing in two BDIIx films.  The results confirm that the change of film thickness, 

porosity and chemical composition due to the patterning processes causes the change of 

interactions between moisture or IPA molecules and low-k films.  The results are 

valuable to actual semiconductor manufacturing processes from the point of preventing 

moisture intrusion into patterned low-k films. 
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8.4.1 Moisture Adsorption and Desorption in p-MSQ A and p-MSQ E Films

P-MSQ A is a processed film that was partially etched for 10 seconds and ashed 

in N2/H2 plasma for 20 seconds.  This film has two distinct layers with a thickness of 50 

nm each, where the top layer was damaged by plasma, while the bottom layer was 

unaffected.  The porosity of the top layer and bottom layer is about 0.6 and 0.3, 

respectively.   At room temperature, moisture solubility in the top layer is around 1.1×107

cm3 (gas)/cm3 (solid) and in the bottom layer it is about 1.3 ×107 cm3 (gas)/cm3 (solid); 

moisture diffusivity in the top layer and bottom layer is 2.0×10-14 cm2/sec and 7.0×10-15

cm2/sec, respectively.  The p-MSQ E film is a blanket film with film thickness 200 nm, 

porosity 0.3, moisture solubility 1.3 ×107 cm3 (gas)/cm3 (solid), and moisture diffusivity 

7.0×10-15 cm2/sec at room temperature.  The values of the above parameters were 

achieved through model fitting to experimental data except the moisture solubility that 

was through experiments directly with mass spectrometers.  The details about how to 

extract the parameters are shown in Chapter 6.

The dynamics of moisture absorption in film p-MSQ A (partial etch, N2/H2 ash)

and p-MSQ E (blanket and cure only) are shown in Figure 8.5.  Both clean films were 

exposed to 1500 ppm of moisture at room temperature.  During the first 4 hours of 

exposure, moisture loading in the p-MSQ A film is higher than that in the p-MSQ E film.  

The first reason is because the p-MSQ A film is thinner than the p-MSQ E film (100 nm 

versus 200 nm).  Secondly, the p-MSQ A film is more porous than the p-MSQ E film. 

The increase in porosity enhances the transport of moisture molecules in the film and 

increases the total surface area for interaction, thus increasing the rate of adsorption.  
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Thirdly, the moisture diffusivity of the top layer of p-MSQ A, 2.0×10-14 cm2/sec, is larger 

than that of the p-MSQ E, film, 7.0×10-15 cm2/sec, which also enhances adsorption of 

moisture in the film.  These explanations support the reason why film p-MSQ A reaches 

equilibrium faster than film p-MSQ E.  The moisture loading at equilibrium for film p-

MSQ E is higher than that of film p-MSQ A, even though the two films have similar 

moisture solubility values.  This is due to lower porosity in film p-MSQ E.  It has been 

mentioned in Chapter 6 that most of the moisture molecules are incorporated in the 

matrix of the film.  Therefore, at equilibrium, the total amount of moisture absorbed in 

the film p-MSQ E is higher because of the larger mass of low-k material. 

Figure 8.5: Moisture adsorption in film p-MSQ A (partial etch, N2/H2 ash) and film p-

MSQ E (blanket and cure only)
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Figure 8.6: Moisture desorption in film p-MSQ A (partial etch, N2/H2 ash) and film p-

MSQ E (blanket and cure only)
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dielectric constant value was still close to 2.3 after plasma treatment.  The sample 

provider did not supply information on the properties of the films.   It is hard to extract 

valuable information from the TEM images of these two films, except the film 

thicknesses, which are shown in Figure 8.2a and Figure 8.2c.   Parameters, such as 

moisture diffusivity, solubility and porosity, through fitting the model to experimental 

data, are not available.  The moisture adsorption and desorption process in the films were 

performed with APIMS at 181 ppb of moisture challenge concentration and at two 

different temperatures, namely 30 ºC and 200 ºC.  

Figure 8.7 and Figure 8.8 represent the comparison of moisture uptake in the two 

films at 30 ºC and 200 ºC, respectively.   It is observed that under identical challenge 

conditions, at 30 ºC, the moisture equilibrium loading in BDIIx C (E-He/NH3 PT) is 

about 2.7 ×10-5 mol/cm3, which is 30 percent higher than that in BDIIx A (blanket and 

cure only), 2.0×10-5 mol/cm3.   At 200 ºC, the moisture loading in the films is much less

than at 30 ºC.  For BDIIx A, the loading value at 200 ºC is only 4.0 ×10-6 mol/cm3, while 

the value is 4.8×10-6 mol/cm3 for BDIIx C.   In addition to the equilibrium loading, it is 

also found that the rate of moisture uptake in BDIIx C is faster than that of BDIIx A.   

Therefore, BDIIx C is more susceptible to moisture intrusion than BDIIx A.  In other 

words, treatment in He/NH3 plasma deteriorates the hydrophobicity of the blanket film.  

The results are very consistent with the FTIR analysis and contact angle measurement of 

the stored samples, which were shown in Figure 8.3 and Table 8.3. 

With the same challenge conditions, the rate of moisture uptake in the above two 

films only depends on the properties of the films, such as film thickness, porosity, 
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moisture diffusivity and solubility.   The TEM micrograph revealed that the film 

thickness of BDIIx C (E-He/NH3 PT) is 260 nm, while it is 300 nm for BDIIx A (blanket 

and cure only).  Normally, thin film favors moisture uptake since thin film has less 

diffusional resistance or shorter mass transport length.   Higher moisture solubility in 

BDIIx C also makes the moisture uptake occur faster due to higher driving force (see the 

governing equation of moisture concentration in the film matrix shown by Equation 

6.12c).  Since the dielectric constant values of the two films are 2.3, the porosities of the 

films most probably are very close to each other (or course, pore size distribution may be 

different).  Another unknown parameter is moisture diffusivities of the films.   Literature 

reported that the N radicals formed in plasma can attack the bond between Si and CH3

resulting in the formation of SiN, which essentially is denser than low-k dielectrics [147].  

Therefore, the moisture diffusivity after He/NH3 may have been decreased due to the 

formation of dense SiN.  However, the decrease in diffusivity does not dominate over the 

overall rate of moisture intrusion into the He/NH3 treated film.

The comparison of moisture removal in the films at 30 ºC is shown in Figure 8.9 

and 8.10.  Figure 8.9 shows the amount of moisture that has been removed or moisture 

outgassing in the films versus the purging time, and Figure 8.10 shows the percentage of 

moisture removal versus the purging time.   The comparison at 200 ºC is similar to that at 

30 ºC.  The purge gas purity is 1 ppb.
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Figure 8.7: Dynamics of moisture uptake in film BDIIx A (blanket and cure only) and 

film BDIIx C (E-He/NH3 PT) at 30 ºC

Figure 8.8: Dynamics of moisture uptake in film BDIIx A (blanket and cure only) and 

film BDIIx C (E-He/NH3 PT) at 200 ºC
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Figure 8.9: Dynamics of moisture Outgassing in film BDIIx A (blanket and cure only) 

and film BDIIx C (E-He/NH3 PT) at 30 ºC

Figure 8.10: Percentage of moisture removal in film BDIIx A (blanket and cure only) 

and film BDIIx C (E-He/NH3 PT) at 30 ºC
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According to the results shown in Figure 8.9 and Figure 8.10, moisture removal at 

30 ºC in both the films is a slow process.  After 10 hours of purge, less than 60 percent of 

the moisture adsorbed in the films is removed.  Based on Figure 8.9, the absolute amount 

of moisture removed from BDIIx C (E-He/NH3 PT) is higher than that from BDIIx A 

(blanket and cure only).  This is mainly because the initial moisture loading in BDIIx C is 

higher.  Removing the effect of initial loading, the percentage of moisture removal in 

BDIIx A is slightly higher than that in BDIIx C as shown in Figure 8.10.  This is possibly 

due to the higher moisture diffusivity of BDIIx A.

8.5 DYNAMICS OF IPA OUTGASSING IN BDIIx C AND BDIIx D

Figure 8.1 compares the removal of IPA in two BD IIx films: BDIIx C, which 

was treated with NH3 and He plasma with a dielectric constant value close to 2.3, and 

BDIIx D, which was treated with He plasma and with a dielectric constant value of 2.3.  

Both samples were initially dipped in IPA for 12 hours and then purged with UHP 

N2 at room temperature.  The concentration of IPA retained in the films was detected by 

FTIR.  Sample scans were taken periodically during the desorption process.  The empty 

FTIR cell was selected as the background.  The peak band in the range of 2950-3000 cm-1

that corresponds to the –CH3 stretching mode was chosen to characterize the adsorption 

of IPA in the films.  The total contribution of -CH3 is from two sources: one is from the 

films since the polymeric films have a basic unit -CH3-Si-O-, the other one is from the 

IPA that is absorbed in the films.  The contribution from the film itself was not deducted 

from the total area because it does not change with the dipping or purging process.  
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First of all, it was observed from Figure 8.11 that the IPA removal in the films is 

very slow at room temperature.  This result is consistent with the removal of IPA in 

BDIIx B (E-NH3 PT), which was shown in Chapter 5.  The second observation from the 

figure is that the two films have significantly different IPA removal rates.  The film 

treated in He/NH3 plasma has a faster IPA removal rate as compared to the He-only 

treated film.   This difference is hard to explain since dipping in IPA liquid, in most 

cases, causes the change of polymeric materials.  As mentioned before, the NH3 plasma 

can deplete the -CH3 group from the polymeric chain of low-k films and form a dense 

SiN [212].  This formation of a dense byproduct delays IPA removal in BDIIx C film.  

However, the results in Figure 8.11 show that the film BDIIx C (E-He/NH3 PT) has a 

faster removal.  One possibility could be the helium diluted NH3 plasma may not be as 

aggressive as pure NH3 plasma [62], thus the formation of dense SiN is minimized.  

Therefore, the fast IPA removal in the He/NH3 treated film (BDIIx C) could be attributed 

to its higher porosity as compared to the He-only treated film ((BDIIx D) due to the fact 

that the polymeric chain is usually attacked by active radicals formed in NH3 plasma.  

FTIR does not have the capability to compare the porosity of the films. The TEM images 

do not clearly show the information on porosity either.  Other methods, such as 

ellipsometric porosimetry, could be applied to compare the porosity and pore size 

distribution of the two films.
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Figure 8.11: IPA removal in film BDIIx C (E-He/NH3 PT) and film BDIIx D (E-He PT) 

at 30 ºC
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process.  The subsequent O2 ash maintains the surface hydrophilic, while the H2 plasma 

changes the etched p-MSQ film from the hydrophilic surface to the hydrophobic surface.  

The NH3 plasma treatment makes the BDIIx film more hydrophilic.  Long-time exposure 

to an environment with a high moisture concentration level results in a pretty hydrophilic 

surface of low-k film, no matter what the original hydrophobicity of the film is.  But if 

the original surface is hydrophilic, the exposure will make the situation worse.   FTIR 

analysis reveals that for p-MSQ films the moisture loading after long-time exposure 

follows the trends of contact angle: the more hydrophilic the surface is, the higher 

moisture in the film is.  However, this is not the case for BDIIx films.  FTIR also reveals 

that in some low-k samples the forms of moisture adsorbed in the films are completely 

different, even though the contact angles and overall moisture loading in the films are 

very close to each other.

Contact angle measurement cannot fully depict the whole picture of the 

interactions between moisture and low-k materials, and it does not absolutely determine 

the uptake and removal of moisture in porous low-k films either.  The moisture 

incorporation into low-k films not only depends on the hydrophobicity of the surfaces, 

but also on the properties of the film and exposure time and environment.   Analysis 

based on contact angle measurement only may mislead the judgment on whether the 

material is potentially suitable for interlayer dielectrics or not.  Information on Dynamics 

of moisture uptake and removal is required.

The partial etch and N2/H2 ash processes make the p-MSQ films more susceptible 

to moisture as compared to the blanket film.  A similar result was observed for NH3



                                                                                                                             311

plasma treated BDIIx films.  However, the treatment with NH3 plasma enhances IPA 

outgassing in BDIIx films.
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CHAPTER 9

DRY-DOWN OF UHP GAS DELIVERY SYSTEMS - EXPERIMENTAL STUDY 

AND MODEL DEVELOPMENT

9.1 INTRODUCTION

The minimum feature length in modern integrated circuits (ICs) has been reduced 

to the sub-45 nm range.  The decrease in semiconductor device size, however, also brings 

about more stringent requirements on the purity of process gases.  As a matter of fact, for 

ultra-large-scale-integration (ULSI), it is necessary to decrease gaseous impurities down 

to low parts per billion (ppb) levels or even sub-ppb levels [213].  In particular, moisture 

is a critical impurity in semiconductor manufacturing processes because it is relatively 

difficult to remove from the gas delivery system due to its strong interactions with the 

system components [214], and its generation, transportation, and reduction, which have 

been studied extensively by [80, 81, 214, 215]. 

Generally speaking, a process gas with high purity is delivered to the actual points 

of use (POU) through a piping network or gas delivery system with numerous valves, 

sensors, particle filters, flow controllers, pressure regulators and other components.  

Moisture can easily adsorb on the inner surfaces of these components when the inner 

surfaces are exposed to the ambient air during regular or troubleshooting services.  Each 

of the components is a potential source of contamination.  Moreover, in a newly installed 

or serviced gas distribution system, moisture almost inevitably is adsorbed on the inner 

surface of the system.  Before (re)covering the equipment, the adsorbed moisture and/or 
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other atmospheric molecular contaminants have to be removed, typically by purging the 

system with a high purity inert gas, and this purging process may take days or even 

weeks for larger systems [214].  During the purging stage, the adsorbed moisture 

continues to contaminate the gas flowing to the end points of the distributing system, so 

that the manufacturing processes there have to be halted.  It is therefore highly desirable

to minimize the required dry-down time of a gas distribution system, so as to increase the 

productivity of the equipment, and here it is crucial to address this important system 

design issue.

In order to effectively dry down a moisture contaminated UHP gas delivery 

system, it is important to understand the fundamental interaction mechanisms between 

moisture molecules and different components of a gas delivery system.  The most 

important component of a typical ultra-high-purity (UHP) gas delivery system is the tube 

that is used to deliver specialty gases or bulk gases, which typically are made up of 

electro-polished 316L stainless steel.  Therefore, understanding the characteristics of 

moisture outgassing from the wall of gas delivery pipe is critical.  In this chapter, first, 

the experimental design is introduced.  Second, the model that is used to depict gas 

delivery in a single gas delivery tube has been developed.  The model is based on fluid 

dynamics of the bulk gas stream and incorporates interaction between moisture molecules 

with the inner surface of the gas delivery system.  The moisture adsorption/desorption 

kinetics is extracted from experimental data for moisture dry-down in a single straight 

tube.  Next the dry-down operation parameters including purge gas flow rate, purge gas 
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purity, purge gas pressure and temperature are investigated.  Finally, the amount of 

chemisorbed moisture and physisorbed moisture is investigated.  

9.2 MOISTURE OUTGASSING FROM COMPONENTS OF UHP GAS DELIVERY 

SYSTEM

9.2.1 Experimental 

The experimental setup for the characterization of the behavior of moisture 

outgassing from EP SS or other components is shown in Figure 9.1.  It consists of four 

parts: the gas purification system, the moisture generating and gas mixing system, the test 

section, and the analyzers.  

The moisture generating and gas mixing system has the capability to generate a 

stable moisture stream with a concentration in the range of 5 ppb to 200 ppb.  The 

dilution gas is UHP N2.  The moisture source is a Kintek® moisture permeation tube 

which can produce 114 ng/min of pure water vapor at 50 ºC.  The flow rate of the whole 

system is controlled by metal sealed mass flow controllers with a system error less than 

2%.   

Moisture concentration after the purifiers is less than 0.2 ppb.  Dead spaces within 

the system are minimized by continuously maintaining gas flow through the entire 

system.  
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Figure 9.1: Schematic of experimental setup
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analytical unit used to detect moisture concentration is an Atmospheric Pressure 

Ionization Mass Spectrometer (APIMS) that can detect impurities down to sub-ppb 

levels, and CRDS that can monitor from several ppb levels to as high as 5 ppm of 

moisture.

In order to extract the values of the moisture adsorption rate constant, desorption 

rate constant and surface site density for moisture adsorption, the test was performed on a 

piece of EP SS tube with 14 inches in length and 2 inches OD.  Before starting an 

experiment, the EPSS tube was baked and purged with UHP N2 at 170 ºC.  Temperatures 

above this point may permanently change the surface property of the tube [111].  The 

baking and purge with UHP N2 is used to remove residual moisture that might have 

adsorbed on the surface.  The tube was first brought to the temperature at which the 

experiment had to be done.  An isothermal adsorption-desorption cycle was performed.  

In the adsorption cycle, the substrate was exposed to a challenge gas with a known 

moisture concentration at controlled flow rates.  Once the moisture concentration at the 

outlet of the test did not change with challenge time, the surface was believed to be 

equilibrated with the moisture in the challenge gas, and the adsorption cycle was 

completed.  Then the process was switched to isothermal purge with UHP N2.  The 

isothermal purge process can last several hours to more than 24 hours depending on the 

challenge concentration and temperature.  As soon as the moisture concentration in the 

isothermal purge reached the moisture baseline of UHP N2, the temperature was ramped 

up at steps of 50 °C up to 170 °C.  Experiments were carried out at different temperatures 

from 30 to 200 °C and for moisture concentrations ranging from 20 ppb to 104 ppb.
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9.2.2 Discussion on Experimental Results 

9.2.2.1 Impact of Temperature

Figure 9.2 compares the moisture adsorption profiles at 104 ppb of challenge 

concentration for three different temperatures: 30, 100 and 170 ºC.  Similar results were 

achieved for other concentrations.  

In this figure, moisture concentration at the reactor outlet is plotted against 

challenge time.  As the challenge progresses, the moisture concentration slowly reaches 

the equilibrium value (challenge concentration) and the surface of the tube gets saturated 

with moisture under the challenge conditions as shown in the figure.  It is easy to see the 

differences among the delays in the response, for the case of 30 °C, the delay is almost 1 

hour, whereas, for the case of  170 °C, the delay time is much less.  The average 

residence time at 350 sccm is about 2 minutes (the volume of the test section is about 730 

cm3), which suggests that the delay is not caused by molecule travel inside the reactor 

from the inlet to the outlet.  The reason for the delays is due to the fact that in the 

beginning of the challenge process the EPSS surface is extremely dry, thus, most of the 

moisture molecules entering the tube are adsorbed on the clean surface.  Typically, 

moisture loading capacity at low temperature is greater than that at a higher temperature 

[79].  Therefore, during the initial challenge stages, the moisture depletion rate from the 

bulk gas stream at low temperature is much higher than that at high temperatures causing 

the significant delay. 
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Figure 9.2 also shows that equilibrium is reached more rapidly as temperature is 

increased.  This is because an increase in temperature increases both the adsorption and 

desorption rates and enhances the approach of the net process to its equilibrium state.

   

Figure 9.2: Moisture adsorption profiles at different temperatures

Figure 9.3: Moisture desorption profiles at different temperatures
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Once the adsorption process in the above section finished, the isothermal 

desorption process started.  The effect of temperature on moisture desorption at 104 ppb 

of moisture challenge conditions is shown in Figure 9.3.

Very similar to the desorption profiles of moisture in porous low-k dielectric films 

that are shown in Chapter 5, the desorption profile of moisture on the EP SS tube is also 

determined by the moisture releasing flux from the surface of the tube.  The moisture flux 

is determined by two factors: initial moisture loading on the tube surface, and 

temperature, assuming all other purge conditions (flow rate and purge gas purity) are 

same.  Low temperature corresponds to higher initial moisture loading on the tube surface 

and a smaller desorption rate as compared to a high temperature. 

Comparing Curve 1, the desorption profile at 30 °C, with Curve 2, the desorption 

profile at 100 °C, there is a crossover point near 1.5 hours of purge.  This reveals that 

before 1.5 hour, it is the initial loading that determines the profile of the desorption 

profile (noticing that the moisture outlet concentration at 30 °C is higher than that at 100 

°C).  While, after the surface of the tube has been purged with 1.5 hours, the dominant 

mechanism switches, i.e., the desorption rate dominates over the overall desorption 

process (noticing that the moisture outlet concentration at 100 °C is higher than that at 

300 °C ).  Similarly, there is a crossover for purge at 100 °C and at 170 °C (Curve 3).  

9.2.2.2 Impact of Concentration

The moisture concentration in the moisture contaminated gas delivery system has 

a wide distribution ranging from tens of ppb to as high as thousands of ppm during 

system startup or recovering.  In this study, the moisture concentration of interest is 
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within tens to hundreds of ppb levels.  But the research idea for high level contamination 

is the same.  

Figure 9.4: Moisture adsorption profiles at different challenge concentrations
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Figure 9.5: Moisture desorption profiles at different challenge concentrations
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Table 9.1: Moisture uptake and retention on EP SS tube

Concentration, 

ppb
20 41 104

Temperature, oC 30 100 170 30 30 100 170

Moisture Uptake

After 20 hours of 

challenge

Moisture Equilibrium Loading, × 1014 molecules/cm2

1.87 0.93 0.56 2.11 2.94 1.49 1.09

Moisture Removal

After 10 hrs of 

purge

Moisture Retained, × 1014 molecules/cm2

1.35 0.60 0.07 1.44 1.90 0.68 0.12

Percentage of Moisture Removal,

Moisture removed/Equilibrium Loading × 100

27.9 35.8 86.5 31.4 64.4 45.8 99.9

Table 9.1 lists moisture equilibrium loading, amount retained and percentage of 

removal after 10 hrs of isothermal purge for various concentrations and temperatures.  

As shown in this table, for a particular challenge concentration at different 

temperatures, it is found that as temperature increases, the moisture equilibrium loading 

decreases.  This is because at an elevated temperature, the chemical bond between the 

surface and moisture molecule is easily broken, hence, there is less chemi-sorbtion, 

meanwhile, there will be less physic-sorption because at a temperature higher than 100 

ºC, physi-sorbed moisture is ready to vaporize (like liquid water).  
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In the moisture removal, the percentage of moisture removal increases and 

moisture retained on the surface decreases as temperature goes up.  The decrease in 

moisture retention is easy to understand, while the increase in moisture removal is a little 

tricky since the removal depends on the moisture removed and the initial moisture on the 

surface (equilibrium loading). Let’s take an example for 20 ppb.  The absolute amounts 

of moisture molecules removed from the surface are 0.52× 1014, 0.43× 1014 and 0.46 × 

1014 molecules/cm2 after 10 hours of isothermal purge for the cases of 30, 100 and 170 

ºC, respectively.  The three amounts are so close to each other, which suggests that the 

higher removal at higher temperatures is due to the lower initial loading instead of the 

absolute amount of removal. The last observation is that as challenge concentration 

increases, the equilibrium loading increases, but the increases are NOT proportional to 

concentration. For instance, at 30 ºC, the loading value of the 20 ppb challenge is 1.87 × 

1014 molecules/cm2, while the value is only 2.94 × 1014 molecules/cm2 for the 104 ppb 

challenge.  

9.2.2.3 Impact of Flow Rate on Moisture Removal

Typically, an increase of purge gas flow rate will enhance moisture removal on 

the surface of a gas delivery tube.  This is achieved by two aspects: first, within unit time, 

more UHP gas will be fed into the tube when the flow rate increases resulting in less 

moisture accumulation in gas phase inside the tube; second, a higher flow rate enforces 

convection and axial diffusion.  More theoretical analysis will be performed in later 

sections about how the increase in flow rate enhances moisture removal and its limitation.
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Figure 9.6: Moisture desorption profiles at different purge flow rates

The impact of purge gas flow rate on moisture removal on the tube is shown in 

Figure 9.6 and Figure 9.7.  The removal rates under two different purge flow rates are 

compared, i.e., 350 sccm and 700 sccm.  Initially, the tube was equilibrated with 104 ppb 

of moisture at room temperature.  Then the isothermal purge was initiated.  In Figure 9.6, 

moisture concentration at the outlet of the tube was plotted against purge time.  While in 

Figure 9.7, the percentage of moisture removal was plotted against purge time.  It can be 

observed that the moisture removal is sensitive to purge gas flow rate in the initial purge 

stage.  For example, after 5 hours, the moisture removal is about 29.9 % and 32.2% for 

the purge flow rate of 350 sccm and 700 sccm, respectively.  While after 20 hours purge, 

the removal numbers are only 41.5% and 43.0% for 350 sccm and 700 sccm, 

respectively.  Secondly, it can be seen the increase in purge gas flow rate enhances 

moisture removal, but the effect does not become significant by doubling the flow rate.
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Figure 9.7: Moisture removal profiles at different purge flow rates
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been presented in Section 3.6 of Chapter 5.  Figure 9.8 and Figure 9.9 show the 

difference of moisture adsorption profiles on the clean surface and the surface with 

chemisorbed moisture at two different challenge concentrations, 20 ppb and 104 ppb.
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Figure 9.8: Comparison of moisture removal (20 ppb challenge)

In Figure 9.8, the net difference between the two adsorption profiles (the shaded 

area) is 1.28×1014 molecules/cm2, while in Figure 9.9, this number (the shaded area) is 

1.58×1014 molecules/cm2.  Therefore, the chemisorbed moisture on the surface should be 

around 1 to 2×1014 molecules/cm2.  In order to remove this portion of moisture from the 

surface of the tube wall, typically it requires external energy input to break the chemical 

bonds between the moisture molecules and metal surface.   
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Figure 9.9: Comparison of moisture removal (104 ppb challenge)

9.3 INTERACTION BETWEEN MOISTURE AND SURFACE OF TUBE IN GAS 

DELIVERY - MATHEMATICAL MODELING

To design a process that minimizes the impact of moisture contamination, it is 
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to predict the time and gas usage required to purge a large-scale UHP gas delivery system 

free of contaminants.  Modeling can also provide a way to estimate the potential 

contamination sources present in a UHP system, such as dead legs and back diffusion at 

laterals. 

In this section, a dispersion model along with surface reaction (interactions 

between impurity and the surface of EP SS tube) is developed for impurity transport 

through straight EPSS tube, where in this study, the impurity refers to moisture.  The 

research procedure for other species would be the same as for moisture.  The model 

incorporates all aspects of transport and kinetics aspects in the process of gas delivery, 

namely, impurity transport due to convection, dispersion and multilayer adsorption-

desorption process.

9.3.1 Mechanism of Moisture Interactions with EP SS Surface

Figure 9.10 shows a schematic of moisture transport and reaction occurring in a 

tube, which consists of the following steps:

(1) Transport of moisture through the tube by convection and dispersion.

(2) Local exchange of moisture between the gas phase and EPSS surface 

across the gas-solid interface.  

Ultra-high pure nitrogen as a carrier gas laden with moisture impurity flows 

through the tube at a volumetric flow rate of Q.  Impurity concentration is assumed to be 

independent of radial direction, in other words, Cg = f (t, z), where t: time; z: length of 

tube.  Surface reaction is coupled with gas phase transport of moisture molecules.  It is 
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assumed that both chemisorbed and physisorbed species are formed on the surface.  

However, in this model, all forms of moisture are combined together and represented as 

Cs.  No lateral interactions between adsorbed species occur and all surface sites are 

assumed to be identical. 

9.3.2 Mass Balance and Conservation Equations 

The adsorption of moisture molecule on the surface depends on the moisture 

concentration in the gas phase and the number of vacant sites for adsorption available on 

the surface.  Reaction sites depend on the surface roughness.  

As schematically shown in Figure 9.10, the change of CS with time in the control 

volume AsΔz can be represented as follows:

Figure 9.10: Schematic of mass transport in gas delivery tube
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where, d is the diameter of the tube, kads is the rate constant of adsorption; S0 is the 

adsorption capacity of the surface; kdes is the rate constant of desorption. 

As Δt goes to infinite small, the above equation can be rewritten in a differential 

form:

sdessogads
s Ck)C(SCk

t

C





                                    
(9.2)

Initial Condition:

Cs = Cs0

(9.2a)

The change of moisture concentration in the control volume can be represented by 

equation 9.3:
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When Δz goes to infinite small, the above equation can be rewritten as in a 

differential form:
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where, Dz is dispersion coefficient, u is average gas velocity.

Initial Condition: 
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Cg = Cg0

                                                          (9.4a)

Boundary Condition 1: 
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Boundary Condition 2:

0




z

Cg

                     at z = L

(9.4c)

where, L is the length of gas delivery tube.  Equation 9.4 incorporates the effects of 

dispersion, convection and reaction.  

The modeling approach involves averaging over the radial cross-section of the 

tube and employing the use of an axial dispersion coefficient Dz, which may be uniquely 

determined for laminar flow in a tube by the equation [217-218]: 

mol
molz D

ud
DD

192

)( 2



             (9.5)

where, Dmol is the molecular diffusion coefficient of the impurity in the bulk gas, and u is 

the mean gas velocity through the tube. 

The most important assumption underlying the axial dispersion model is that the 

mass transport is determined by radial diffusion and axial convection alone; all other 
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transport mechanisms are negligible.  This assumption is valid as long as the following 

condition holds:

18.28
2


ud

LDm

(9.6)

In a very typical experimental run, the volumetric flow rate is 350 sccm; the 

diameter of the tube is 2 inches; the length of the tube is 14 inches; Dm is about 0.259 

cm2/s at 35 ºC [218], then the left hand side of Equation 9.6 is about 35.  Other tests were 

run with a much longer tube, which will make the left hand side of this equation much 

larger (the length of other tube is 36 inch or 100 inch).

Other researchers reported that Equation 9.2 is applicable for 1 < Re < 2000 and 

0.24 <= Sc <= 1000.  If the conditions in a typical experimental run are used (assuming 

room temperature), then Re = 11 > 1, Sc = 0.54 > 0.24.  Therefore, in the experiments of 

this research, Equation 9.6 can be used to estimate the value of the dispersion coefficient.

9.3.3 Model Validation and Parameter Estimation

The above developed model was fitted to the experimental data and fundamental 

kinetic and transport parameters were extracted through data fitting.  Figure 9.11 shows 

model fit to moisture desorption data for three different moisture challenge 

concentrations: 56, 111 and 181 ppb. 

From all these curves it is observed that model fit fairly well to the experimental 

data.  It is also noted from the figure that during the initial part of the desorption process, 
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the model does not fit to the data very well, while as the initial concentration increases, 

this deviation vanishes slowly.  This could be because of the multilayer effect of 

impurities.  During the initial part mainly the physisorbed molecules leave the surface, 

and this portion of moisture may impact the accuracy of the model since, in this model, 

physisorbed moisture and chemisorbed moisture are not differentiated.  A multilayer 

model could solve this problem.  However, this deviation does not cause much estimation 

error and is within error tolerance (the error is less than 5 % after 200 minutes purge for 

the case of 56 ppb). 

Figure 9.11: Model fit to experimental data at different concentrations

Table 9.2 gives the parameters estimated from the model for moisture adsorption 

and desorption on the surface of EPSS tube.  The model was also used to estimate the 

adsorption capacity of the surface S0.  Thus, with the knowledge of all the fundamental 

N
or

m
al

iz
ed

 O
ut

le
t-

ga
s

C
on

ce
nt

ra
ti

on

Time, min

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200

111 ppb

56 ppb

181 ppb

Smooth curves are model prediction

N
or

m
al

iz
ed

 O
ut

le
t-

ga
s

C
on

ce
nt

ra
ti

on

Time, min

0

0.2

0.4

0.6

0.8

1

0 50 100 150 200

111 ppb

56 ppb

181 ppb

Smooth curves are model prediction



                                                                                                                             334

kinetic and transport parameters, one can fully characterize the delivery of UHP gas 

doped with trace amounts (ppb levels) of moisture in a tube that is made up of 

electropolished 316L stainless steel.

Table 9.2: Estimated parameters of moisture adsorption on EP SS 316L surface

kads (cm3/mol/s) 3.359 x 109

kdes (1/s) 4 x 10-4

So (# of sites /cm2) 6.29 x 1014

9.4 PARAMETRIC STUDY

In the study of dry-down process, the model developed in the above section is 

very valuable.  Practically, it is difficult to run dry-down tests in the large-scale UHP gas 

delivery system in a lab.  With the model developed in the previous section, one can 

systematically run a parametric study to investigate how purge gas flow rate, purge gas 

purity and temperature affect the dry-down process.  In addition, the model also allows 

predicting distribution of moisture concentration along the tube.  Futhermore, the model 

has the capability to evaluate the effects of dead legs and back diffusin on the dry-down 

process.  The last most important application is to optimize the purge process with 

minimized cost and purge time.  This application is very similar to the optimization 
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process of moisture contaminated low-k dielectric films which are presented in Chapter 

7.   

In a dry-down process, basically, there are three operational parameters that can 

be adjusted: purge gas flow rate, purge gas purity and temperature.  The first two are 

relatively easier to perform, while for a large-scale gas delivery system it is difficult to 

heat the system.  But it is practically still possible to heat a piece of short tube which has 

been exposed to a high concentration of moisture in order to fasten moisture removal.

9.4.1 Effect of Purge Flow Rate on Moisture Removal 

As the conclusions from Figure 9.7 shown, the increase in purge gas flow rate 

enhances moisture removal.  However, the removal is not proportional to purge gas flow 

rate.  The example below illustrates more results about the impact of purge gas flow rate 

on moisture removal, which is represented by Figure 9.12.  The surface of the EP SS tube 

with a length of 10 meters and a diameter of 1.5 inches is equilibrated with 200 moisture 

concentration at 25 °C.  The surface is then cleaned with purge gas at three different flow 

rates of 100, 200 and 500 scfh.

It is observed from the figure that after 100 minutes of purge, 60 % of moisture 

was removed with 100 scfh of purge flow rate, whereas 65 % was removed with 200 scfh 

and 68 % was removed with 500 scfh of purge flow rate.  This suggests that there is an 

optimum extent of increasing the flow rate, beyond which the gain in removal rate is not 

significant.  Knowing the optimum purge flow rate to achieve certain clean up is 

important because that helps in reducing gas consumption which, in turn, will reduce 
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cost.  It should be noted that after 300 minutes of purging, the above three curves merged 

to one point.  This point is the maximum moisture removal at room temperature.  Further 

increasing purge gas flow rate, will not benefit the removal anymore because all the 

physisorbed moisture on the surface has been removed, while in order to remove the 

remaining chemisorbed moisture, external energy is required.

Figure 9.12: Effect of purge flow rate on moisture removal rate

9.4.2 Effect of Purge Gas Purity on Moisture Removal 
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it is important to know what level of purge gas purity is required for effective cleaning of 

the tube.  Figure 9.13 shows the effect of purge gas purity for a low level of exposure.  

The tube was first equilibrated with 200 ppb of moisture concentration at 25 oC.  
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of the purge process, there is not a significant effect of purge purity on moisture removal; 

however, after 20 minutes of purge, the purge gas purity becomes an important factor in 

clean up.  For example, after 30 minutes of purging, with 1 ppb of purge gas, around 34% 

of moisture was removed, whereas for the 10 ppb purge gas, only around 19% was 

removed.  Thus, towards the later stage of the desorption process purge purity becomes 

critical.

Figure 9.13: Effect of purge gas purity on moisture removal rate
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concentration of the surface.  While as the purge progresses and the surface becomes 

cleaner and cleaner, Cg (equilibrium) becomes smaller and smaller, consequently, the 

driving force to desorb the moisture molecules adsorbed on the surface becomes smaller.  

The lesser the value of Cgin is, the longer time the driving force will be maintained, hence, 

a higher moisture removal will be achieved.  Thus, knowing what level of purge gas 

purity is required is important because that helps in lowering the cost.

9.4.3 Effect of Tube Length on Moisture Removal 

The length of the gas delivery tube can range from several feet for specialty gases 

to as long as thousands of feet for bulk gases.  It is important to know how long a given 

tube length should be purged so that its concentration falls within the acceptable limit.  

Normally, the cleaning of a tube becomes more challenging when the tube length 

increases, not only because the increase of the length itself, but also because of the 

additional components (valves, filters, etc.) present and more potential leakages on 

fittings.   In order to better understand the effect of tube length on moisture removal rate, 

tubes of three different lengths: 1 m, 10 m and 100 m were initially saturated with 200 

ppb of moisture at room temperature.  The contaminated lines were then isothermally 

purged with UHP N2 (1 ppb moisture) at the flow rate of 100 scfh.

It is observed from Figure 9.14 that increasing the tube length not only increases 

the time for purging but also the increase in time is not linear with tube length.  After two 

hours of purging, for the case of 10 meter length, the average moisture removal achieves 

67%, while it only reaches 43% for the case of 100 meter length.  
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Figure 9.14: Effect of tube length on moisture removal rate

This result is one that would have been expected.  Under the same flow rates, tube 

with longer length have less moisture removal due to the fact that there is more moisture 

adsorbed on the surface and, thus, more moisture will be incorporated into the purging 

stream.  If the purging flow rate is not high, the above difference would be more 

prominent for different flow rates.  The model helps in determining how the purge should 

be performed on a tube with different lengths to get the contamination level within 

acceptable limits.  One approach which could be utilized to reduce the time of clean up is 

by ramping of the purge flow rate.  Initially, a smaller flow rate is passed through the 

tube mainly to clean the initial part of the tube.  This is then followed by ramping of the 

flow rate to a higher value to clean the latter part of the tube.  A case study about ramping 

purge flow rate will be discussed in the next chapter.
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9.4.4 Effect of Tube Diameter on Moisture Removal 

A tube with different sizes is widely used in gas delivery systems typically 

ranging from 0.25 inch to 2.0 inches.  Therefore, it would be important to see the effect 

of tube diameter on moisture removal, which is shown in Figure 9.15.

It is observed from the figure that the tube with a larger diameter is difficult to 

clean under the same purge conditions.  However, the effect of tube diameter on moisture 

removal is not significant.  It is easy to explain the first observation: there are more 

moisture molecules adsorbed on the surface of a larger size tube, therefore, under the

same purge conditions, less moisture removal is achieved for the larger size tube.  The 

reason for the second observation may be due to the fact that the flow rate is so high that 

the moisture molecule releasing from the surface can be taken away by the gas stream 

and there is no noticeable accumulation of moisture in the gas phase under the flow rate 

of 200 scfh.
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Figure 9.15: Effect of tube diameter on moisture removal rate

9.5 SUMMARY

The design of an ultra-high-purity gas delivery system has gained importance in 

recent decades because of the increase in demand of ultra-cleanliness in semiconductor 

manufacturing processes.  It is critical to have a fundamental understanding of the 

interactions between contaminants molecules with materials used in gas delivery lines.  

One such material used is electropolished stainless steel (EP SS).  In this study, a 

methodology based on experiments and modeling has been developed to characterize the 

interaction mechanisms between moisture molecules and the surface of EP SS tube.  

Experimental data shows that moisture removal from EPSS surface is a slow and 

activated process and the moisture retention on the surface is exaggerated at a low 

concentration level (ppb) range. 
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The mathematical model which incorporates both the transport as well as kinetic 

effects fits fairly well to the experimental data.  The stainless steel tube is modeled as a 

dispersion reactor plus surface reaction that includes dispersion, convection, as well as 

adsorption and desorption.  Surface reactions are modeled as one layer adsorption and 

desorption that averages the effects of chemisorptions and physisorption.  The 

fundamental kinetic parameters for moisture interaction with EPSS surfaces are extracted 

through fitting the model to experimental data.

Parametric study shows that moisture removal in a gas delivery system is 

sensitive to purge gas flow rate, purity of purge gas, and the size of the gas delivery tube.  

The increase in flow rate and purity enhances moisture removal. However, the benefit 

can be traded-off by an increase in cost by using a high flow rate and high purity gas.  A 

gas delivery tube with a larger diameter and/or longer length is more difficult to clean.  

The model can estimate how the above four parameters affect moisture removal in gas 

delivery systems.   
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CHAPTER 10

DRY-DOWN OF UHP GAS DELIVERY SYSTEMS - MODEL APPLICATION

The model developed is a useful and powerful tool to predict scenarios under 

which experiments cannot be performed or situations which arise unexpectedly.  In this 

section, first an example showing moisture distribution along a gas delivery tube is 

presented; then three practical issues in a typical UHP gas delivery system are 

investigated: system perturbation, dead leg and back diffusion.  Next the development of 

a comprehensive model is introduced. At last, a purge scenario study is shown as an 

example to see how the dry-down process can be optimized in order to minimize purge 

gas usage and purge time.

10.1 MOISTURE DISTRIBUTION 

The first example of a model application is the prediction of moisture 

concentration along the tube of gas delivery at different purging times.  It is important to 

know the distribution of moisture over the length of the tube because it helps in 

understanding how the cleaning process works.  This is an important application of the 

model because this information is difficult to be determined experimentally.  Figure 10.1 

shows the moisture distribution profile along the length of the tube at different purging 

times.  Initially, a gas delivery tube with a length of 36 inches and diameter of 1.5 inches 

was equilibrated with 181 ppb of moisture at room temperature.  The tube then was 

purged with 350 sccm of UHP N2 with 1 ppb purity.  Moisture concentration on tube 
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surface was plotted with respect to the length of the tube.  It can be observed from the 

figure that even after 3 hours of purging, although the part near the inlet of the tube has 

been cleaned, the part near the outlet still has a high concentration of moisture. 

Figure 10.1: Moisture distribution along the length of the tubing at different purging 

times
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moisture concentration in gas phase increases and towards the end of the tube the gas 
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equilibrates with the surface concentration.  Thus, the flux or driving force decreases 

along the length of the tube.  Therefore, even after a long purge time the initial part of the 

tube gets cleaned while the later part is still unclean.  

10.2 SYSTEM PERTURBATION

System perturbations are common incidents in a UHP gas delivery system.  These 

could arise from different situations, such as fluctuation in system pressure, sudden 

opening of a valve downstream, shutting of the source valve, etc.  The model is used to 

study the response of the system under impurity upset with positive step input (input 

impurity concentration is higher than that in the system).  Actually, the model has the 

capability to handle any kind of upset with known function, and it also allows to back-

track the type of impurity setup by try-error method.  Practically, of course, the former 

application is more feasible and simple. 

A step input of moisture enters at the inlet side and the response is measured at 

the outlet of the tube or at the point of measurement to see how much time it takes to 

propagate the upset from the inlet to outlet, and how much time it takes for the system to 

recover back to its normal state.  The system is assumed to be in equilibrium and a steady 

state with 10 ppb of purge gas concentration.  At time t = 0, a step upset with amplitude 

100 ppb and a time duration of 30 minutes is introduced into the system.  Three different 

aspects of gas delivery lines are studied for the identical step input upset.  These are the 

length of tube, the tube diameter and the gas flow rate.  Figure 10.2 shows the system 
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response to the step input for three different tube lengths: 1.5, 5 and 10 m.  All the testes 

were run at room temperature.

Figure 10.2: Response of the system at the outlet to a positive step upset for different 

tube length

Figure 10.3: Response of the system at the outlet to a positive step upset for different 

tube diameter

Time, min

M
oi

st
u

re
 C

on
ce

n
tr

at
io

n
  

at
 O

u
tl

et
, p

p
b

0

20

40

60

80

100

120

0 10 20 30 40 50 60

Diameter: 1/4 inch;
Flow rate 1000 sccm

1.5 m

10 m
5 m

1.5 m

10 m
5 m

Time, min

M
oi

st
u

re
 C

on
ce

n
tr

at
io

n
  

at
 O

u
tl

et
, p

p
b

0

20

40

60

80

100

120

0 10 20 30 40 50 60

Diameter: 1/4 inch;
Flow rate 1000 sccm

1.5 m

10 m
5 m

1.5 m

10 m
5 m

0

20

40

60

80

100

120

0 10 20 30 40 50 60

Time, min

M
oi

st
ur

e 
C

on
ce

n
tr

at
io

n
 a

t 
O

ut
le

t,
 p

p
b

1/8 inch

1/4 inch

1/4 inch

1/8 inch

Length: 10 m; 
Flow rate 1000 sccm

0

20

40

60

80

100

120

0 10 20 30 40 50 60

Time, min

M
oi

st
ur

e 
C

on
ce

n
tr

at
io

n
 a

t 
O

ut
le

t,
 p

p
b

1/8 inch

1/4 inch

1/4 inch

1/8 inch

Length: 10 m; 
Flow rate 1000 sccm



                                                                                                                             347

Figure 10.4: Response of the system at the outlet to a positive step upset for different 

flow rate
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10.3 DEAD LEGS

Practically, it is impossible to completely remove the dead legs in a UHP gas 

delivery system.  For example, some ports are intentionally open for certain purposes 

such as connection to an analyzer or tool.  Normally, these open ports are capped with a 

VCR male nut resulting in a small dead leg (dead space or dead volume) since the bulk 

gas cannot flow through this portion.  The dead leg on the gas delivery tube is 

schematically shown in Figure 10.5.  When a contamination accident occurs, the dead 

legs act as small reservoirs that trap some amount of moisture.  In the subsequent purge 

process, the main gas delivery tube will be cleaned relatively faster than the dead leg 

because of forced convection of the bulk gas flow.  The trapped moisture eventually will 

slowly diffuse out from the dead space due to the concentration gradient and contaminate 

the main stream.

Figure 10.5: Schematic of a dead leg on gas delivery tube

Equation 10.1 through Equation 10.4 list the mass conservation equations of the 

dead led and the main gas delivery tube. 

The governing equation of moisture in bulk gas of Segment I:

Cin
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The governing equation of moisture on the surface of Segment I: 
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The governing equation of moisture in bulk gas of Segment II: 
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Boundary Condition 1 at point 2:
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Boundary Condition 1 at point 4:
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The governing equation of moisture on the surface of Segment II: 
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Boundary Condition 1 at point 2:
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The governing equation of moisture on the surface of the dead leg: 
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Newman boundary conditions are used for all the conservation equations of 

moisture on the surface of the tube, specifically, Equation 10.2, 10.4 and 10.6. 

Where, CgI is moisture concentration in the gas phase of segment I; CsI is moisture 

concentration on the surface of segment I; DZ is dispersion coefficient; Uin is inlet gas 

velocity; Cgin is inlet gas concentration; d is diameter of the tube; UI is gas velocity in 

Segment I;  kdes is rate constant of desorption; kads is rate constant of absorption; S0 is 

surface site density; Acd is the cross-sectional area of the dead leg; Acm is the cross-

sectional area of the tube; Cgd is the gas phase concentration in the dead leg; D0 is 

molecular diffusivity; Csd is surface concentration on the surface of the dead lateral; CgII

is moisture concentration in the gas phase of segment II; CsII is s moisture concentration 

on the surface of segment II; UII is gas velocity in Segment II.

Case studies were performed to see the adverse effects of the presence of dead leg 

on moisture removal in the gas delivery system.  In Case One, a piece of tube with a 

length of 1 meter and a diameter of 1.5 inches initially was equilibrated with 200 ppb of 

moisture at room temperature, then it was isothermally purged for 1 hour with 500 sccm 

UHP N2. In Case Two, there is another piece of tube with identical size as the previous 

one but with a dead leg 1/4 inches in diameter and 10 cms in length.  The dead leg locates 

30 cms from the inlet of the tube.  The initial conditions and purge conditions of Case 

Two were exactly identical to those of Case One.  

Figure 10.6 compares the moisture distribution profiles along the two pieces of 

tube of Case One and Case Two, while Figure 10.7 compares the profiles of moisture 

concentration at the tube outlets for Case One and Case Two.   It can clearly be seen from 
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Figure 10.5 that there is discontinuity (increase) of moisture concentration at the position 

of the dead leg for Case Two.  

   

Figure 10.6: Distribution of moisture concentration on tube with dead leg and without 

dead leg

Figure 10.7: Temporal profiles of moisture concentration at the outlets of tube with dead 

leg and without dead leg
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In addition, Figure 10.7 shows the moisture concentration at the tube outlet of 

Case Two is slightly higher than that of Case One.  The increase of moisture 

concentration originates from the gradual intrusion of moisture out of the dead leg.  If 

there are more dead legs present within the system, one would expect a worse situation to 

occur in the purge process.

As the gas delivery becomes more and more stringent, even trace amounts of 

diffusion originating from the dead legs may cause problems to the UHP system.  

Unfortunately, as stated in the beginning of this section, completely removing the dead 

legs in the system is difficult.  In order to minimize the adverse effects of dead legs, one 

feasible and simple approach is to heat the dead legs with heating tape because heating 

can lower moisture adsorption on the surface of dead legs and speed up diffusion in the 

cleaning process.

10.4 BACK-DIFFUSION

Back-diffusion, also known as retrodiffusion in ultra-high purity gas lines, refers 

to the penetration of an impurity against the direction of bulk gas flow due to the large 

impurity concentration gradients in the gas phase and on the tube surface.  It is a unique 

property of the UHP system.  Back-diffusion can be a significant source of contamination 

in the ultrapure systems, and it involves both bulk and surface diffusion and is higher for 

lower pressure, lower flow rates, larger tube diameters and for smaller non-adsorbing 

molecules [10].  Verma et al. systematically studied the mechanism and the kinetics of 
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impurity transport due to back-diffusion, and setup a 2-D model to describe the back-

diffusion in the short tube [81].  

In fabs, in order to block back-diffusion at laterals, typically, very high flow rates 

are maintained, and in most cases, these high flow rates are not necessary, thus a lot of 

expensive gases are wasted.  In this preliminary work, the back-diffusion of moisture in 

inert gas was studied.  In order to simplify the simulation, only 1-D model was applied.  

A case study was performed to investigate what minimum flow rate change is required in 

order to block back-diffusion for a tube with different diameters.  Here, block back-

diffusion is defined as the net flux (convective flux from clean bulk gas side – molecular 

diffusion flux from contaminated zone) equals to zero. 

Figure 10.8 shows the schematic of the mechanism for back-diffusion: 

Figure 10.8: Schematic of mechanism of back-diffusion
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Boundary Condition 1 at the outlet of the tube:

0gg CC                    at z=L;

(10.7a)

bulkgg CC                   at z=0;

(10.7b)

The governing equation of moisture on the surface of the lateral:
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Newman boundary conditions are used for Equation 10.8.

Where, Cg is moisture concentration in the gas phase of the lateral; Cs is moisture 

concentration on the surface of the lateral; DZ is the dispersion coefficient; DS is the 

surface diffusivity (the value is taken from Reference 81); u is the gas velocity; d is the 

diameter of the tube; kdes is the rate constant of desorption; kads is the rate constant of 

absorption; S0 is surface site density; Cg0 is the moisture concentration in the ambient or 

contaminated zone, which is typically much higher than the ppb levels; Cg bulk is the 

moisture concentration in the bulk clean gas.

Figure 10.9 shows the minimum flow rates required to block back-diffusion for 

two sizes of tube, 1/4 inch and 1/2 inch, where the low (flow?) rate is plotted against the 
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tube length.  It is observed that the required minimum flow rate decreases as the length of 

lateral increases, and the large size lateral needs a higher critical flow rate than the small 

size lateral.

Figure 10.9: Minimum flow rates to block back-diffusion
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diffusion. 
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The model has the capability to predict moisture removal both in the main pipe and in the 

branch pipes. It also allows optimizing the dry-down of the whole gas delivery network 

or manifold.  In other words, based on the model, the overall moisture dry-down time of a 

gas delivery network can be minimized by properly allocating the purging gas flow rates 

in all branches of the system.

Figure 10.10: Schematic of a simple gas delivery manifold
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a purity of 1 ppb. 
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at the location of the dead leg and the lateral.  The first discontinuity is attributed to the 

diffusion from the dead leg, and the second one is due to the back-diffusion from the 

lateral.  Therefore, due to the presence of dead legs and laterals in the UHP gas 

distribution system, it takes a longer time to clean the system as compared to a system 

without dead legs and/or laterals.

Figure 10.11: Moisture distribution profile along the main pipe after one hour of purge
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dry-down process can last several days or even several weeks [86].  Hence, the process 

requires a significant amount of expensive purge gas, meanwhile, during the purging 

stage, the adsorbed moisture continues to contaminate the gas flowing to the end points 

of the distribution system, so that the manufacturing processes there have to be halted.  It 

is, therefore, highly desirable to minimize the required dry-down time of a gas delivery 

system, so as to increase the productivity of the tools and save purge gases.   

An example was illustrated to show how the model developed can be used to 

optimize the purge process for the purpose of ESH gain.  A test section (a straight tube 

with a length of 10 meters and a diameter of 1.5 inches) was initially contaminated and 

equilibrated with 200 ppb of moisture at room temperature.  Four possible purging 

solutions were selected in order to reach a 90% rate of average moisture removal.  The 

results are shown in Figure 10.12, where the y-axis is the purging gas flow rate and the x-

axis is purging time. 

The details of each option are listed as follows: 

Option 1: constant 1000 scfh flow rate with 1ppb purging gas; the process lasts 126 

minutes; 

Option 2: 60 minutes of purging with 1000 scfh flow rate, followed by 78 minutes of 500 

scfh flow rate; The purging gas purity for each stage was maintained at 1 ppb.

Option 3: 30 minutes of purging with 1000 scfh flow rate and 5 ppb purging gas, 

followed by 127 minutes of purging with a 500 scfh flow rate and 1ppb purging gas; 

These above three options were operated at 1 atm. 
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Option 4: at 0.01 atm, the system was purged with a 100 scfh flow rate and 5 ppb purging 

gas for 126 minutes. 

The total cost includes four parts: Power Consumption for running purifiers and 

roughing pumps, purifier replacement, depreciation of roughing vacuum pumps, and 

houseline N2 from cryogenic tanks.  The cost for each option is listed on the top of each 

bar.  

Two important conclusions can be drawn based on Figure 10.12:

1) Comparing Option 4 with the first three options, purging under low 

pressure can significantly save gas usage and time.  Thus, it is 

preferable to operate purging under low pressure if it is allowable with 

actual situations. 

2) Comparing Option 1 and Option 2, it is found that by simply ramping the purge 

flow rate, the purging time only slightly increases but the purging cost decreases by 11 

dollars.  Further comparing Option 1 with Option 3, it is observed that by ramping the 

purging gas purity and flow rate, the purging cost decreases by 19 dollars with the 

expenses of 31 minutes of extra purging time.  Of course, the schemes on this figure are 

not the final answer; the purpose is to illustrate the methodology and the ESH impact of 

this work.  
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Figure 10.12: Case study of purging optimization
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10.7 SUMMARY

The mathematical model that developed in Chapter 9 is capable of predicting the 

distribution of moisture concentration along the length of gas delivery tubing, where 

measurement might not be feasible.  The model developed is also useful in predicting

system response under various system perturbation of moisture intrusion in certain parts 

of the gas distribution system.  The results of this work can be extended to study the 

effect of dead legs on moisture dry-down time as well as the flow rates required to 

prevent back diffusion.  It is also a useful tool in determining dry-down time especially 

during the system start up and system recovering, where it is critical to know what levels 

of purge gas purity and flow rate is required to achieve a certain level of clean up.  A case 

study shows that both purging time and cost can be minimized by optimization through 

the model developed, and it is preferable to perform purging under low or vacuum 

pressure. 
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CHAPTER 11

CONCLUSION

In advanced semiconductor manufacturing, control of molecular contaminants in 

porous low-k dielectric films and in ultra-high-purity (UHP) gas delivery systems is 

becoming increasingly more important.  In this research, moisture was selected as a 

principal model impurity compound; Isopropyl Alcohol (IPA) was also studied as a 

model organic impurity.  Porous-methylsilsesquioxane (p-MSQ) and Black Diamond IIx 

(BDIIx) were chosen as two representatives of porous low-k materials.  The existence of 

trace amounts of moisture in low-k dielectrics deteriorates the effective k-value of the 

film and degrades the device reliability in the long-term.  A high-level moisture 

background in the UHP gas delivery systems may cause disasters to all semiconductor 

manufacturing processes in a fab, and in most cases, it decreases the throughput of the 

tools because of long time purging.  Therefore, fundamental study of the interaction 

mechanisms between moisture and porous low-k dielectric materials, and between 

moisture and the components of a UHP gas delivery system is critical in improving the 

manufacturing efficiency and quality.   

The main contribution of this study lies in developing a methodology to 

characterize the dynamics of moisture uptake and removal in ultra-thin porous thin films 

and in large-scale gas delivery systems.  A combination of experimental methods of 

approach and mathematical modeling can be used to evaluate how moisture is 

incorporated into the films and a gas delivery system, and how moisture can be 
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effectively removed from the films and the system, and how patterning processes may 

impact the films from the point view of moisture uptake and removal.  Several analyzers 

were used to detect moisture concentration, including APIMS, CRDS, EIMS and FTIR.  

The combination of the analyzers covers moisture concentration from sub-ppb levels to 

percentage levels.  Particularly, using Fourier transform infrared spectroscopy (FTIR) as 

an in-situ and online detector was preliminary tried to monitor the dynamics of moisture 

adsorption and desorption in porous thin films.  The first model developed in this work 

has the capability to predict transport of moisture in porous low-k films, and the second 

one can be used to predict the dry-down of moisture contaminated UHP gas delivery 

systems.  Both the models have significant ESH implications, i.e., with the help of the 

models, purging optimization with minimized cost and time can be achieved.  

The principal conclusions of this study were categorized and generalized as 

follows:

1. As compared to the traditional interlayer dielectrics, SiO2, the novel 

porous low-k dielectric materials, such as porous-methylsilsesquioxane materials and 

Balack Diamong IIx materials, are more susceptible to molecular contamination.

2. Solubility of moisture in porous low-k films has complex dependence on 

the type of the low-k material and exposure environment, such as moisture concentration 

and temperature.  For the two low-k materials tested, within the moisture concentration in 

the range of 20 ppb to 1000 ppb, Henry’s law can be used to estimate moisture 

concentration in the films at equilibrium.
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3. Rate of moisture outgassing in low-k films is sensitive to the extent of the 

contamination level to that the films were exposed and the purging parameters, namely, 

flow rate, purity and the temperature of purge gas.  However, the sensitivity to the 

parameters varies in a different purging stage.  The flow rate of the purge gas affects 

moisture removal significantly during the initial purge stage, while the effect of purge gas 

purity becomes pronounced in the late stages of purging.  Temperature favors moisture 

removal in the whole purging process, but there is a trade-off between the gain of 

moisture removal by raising temperature and the cost of the energy input.

4. FTIR was used to analyze the chemical structure and composition of the p-

MSQ and BDIIx low-k dielectric films, and was preliminary used to quantify the change 

of moisture and/or IPA concentrations in the films during exposure and cleaning.  The 

FTIR wave numbers in the range of 3200 and 3800 cm-1 that correspond to O-H 

stretching bonds include three contributions: hydrogen-bonded Si-OH, isolated Si-OH, 

and hydrogen-bonded molecular moisture.  The former two are mainly caused by the 

chemisorbed moisture in film, while the latter one is contributed by the physisorbed 

moisture.  The chemisorbed moisture has to be removed at an elevated temperature, and 

physisorbed moisture is more sensitive to purge gas flow rate than chemisorbed moisture.

5. Once moisture intrudes into the low-k films, the intensity of Si-OH 

increases, while Si-O-Si decreases, whereas, baking the films can partially recover the Si-

O-Si by removing moisture from the polymer chain.

6. Porous low-k films are less susceptible to IPA in the gas phase as 

compared to moisture.  However, it was found that the films contaminated by liquid IPA 
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have a much larger retention tendency than the films that are contaminated by gas phase 

IPA.

7. Competition adsorption exists between moisture and IPA molecules.  The 

presence of trace amounts of IPA in purge gas (N2) enhances moisture removal in porous 

low-k films.

8. The first model developed in this study can be used to depict the transport 

process of impurity (such as moisture and IPA) in porous low-k dielectric films.  It has 

the capability to predict the change of impurity concentration in the pore and in the film 

matrix, and to describe the interactions between moisture in the pore and moisture in the 

matrix.  Through fitting the model predictions to experimental data, there is a way to 

estimate some critical parameters of the films as listed below:

(1) moisture diffusivity in film matrix, Ds; 

(2) moisture diffusivity in film pore, Dp;

(3) interphase mass transfer coefficient (between film and bulk gas), km;

(4) interphase mass transfer coefficient (between pore and matrix), kms;

(5) interphase mass transfer coefficient (between pore and matrix), kmg; 

(6) porosity, ε

9. Moisture permeation through the film is extremely slow due to the strong 

interactions between moisture and the film.

10. The first model was used for theoretical analysis.  The impacts of film 

porosity, film thickness and purge conditions on moisture removal rate were investigated 

with the model application.  A case study was done to show the usefulness of the model 
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to develop an optimum purge/drying recipe.  This would help saving on operation cost 

and time.  The model is also capable of predicting distribution of moisture within the film 

in a transient process, either in moisture uptake or removal.

11. The etching and ashing processes decrease the thickness of the low-k film, 

meanwhile, the processes not only change the morphology of the films, also they change 

the composition and hydrophobicity of the films.  The extent of the changes depends on 

the plasma chemistry and reaction conditions.  Hydrophobic films become hydrophilic 

after a long time of exposure to a moisture concentration in high levels.

12. Contact angle measurement cannot fully represent the whole picture of the 

interactions between moisture and porous low-k materials.  The moisture incorporation 

into low-k films depends on the hydrophobicity of the surfaces, and also on the properties 

of the film, exposure time and environment.

13. Moisture removal from the EPSS surface is a slow and activated process.  

A mathematical model (the second model developed in this study) which incorporates 

both the transport as well as kinetic effects was developed to describe the interactions 

between moisture and the surface of EP SS tube.  The stainless steel tube is modeled as a 

dispersion reactor plus surface reaction that includes dispersion, convection, as well as 

adsorption and desorption.  Surface reactions are modeled as one layer adsorption and 

desorption that averages the effects of chemisorptions and physisorption.  The 

fundamental kinetic parameters for moisture interaction with EP SS surfaces are 

extracted through fitting the model to experimental data.
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14. Parametric study shows that moisture removal in the gas delivery system 

is sensitive to purge gas flow rate, purity of purge gas, and the size of gas delivery tube.  

The increase in flow rate and purity enhances moisture removal.  However, the benefit 

can be traded-off by the increased cost of using a high flow rate and high purge gas 

purity. 

15. The second model is capable of predicting the distribution of moisture 

concentration along the length of the gas delivery tubing, and predicting system response 

under various system perturbation of moisture intrusion in certain parts of the gas 

distribution system.  The results of this work were extended to study the effect of dead 

legs on moisture dry-down times as well as the flow rates required to prevent back-

diffusion for different lateral sizes.  It is also a very useful tool in determining dry-down 

times during the system start up and system recovery.  A case study shows that both 

purging time and cost can be minimized by optimization through the model, and it is 

preferable to perform purging under low or vacuum pressure. 

Some future work also is presented as below:

1. Other molecular impurities: Apart from moisture, other molecular 

impurities primarily organic-based are of prime interest, such as ammonia and amines, 

which might outgas in subsequent processes, poisoning the photoresist.

2. Extensive study on competitive absorption: isotope labeling method can 

be used to investigate the interaction mechanisms between IPA and moisture.

3. Correlating moisture uptake to the k value of the film:   Increase in k value 

due to moisture intrusion into porous low-k dielectrics is one of the greatest challenges 
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that the integration of low-k materials as ILD faces.  In this research it was shown that 

these films have a high uptake moisture capacity.  Therefore, correlating k value to 

moisture uptake in the films will be very useful, and it tells exactly what percentage of 

increase in k value will occur when exposed to a certain level of moisture.

4. Pressure fluctuation in UHP system: in fab, it was observed that as the 

system total pressure fluctuates, the moisture background in the bulk gas dramatically 

changes.  It also was found that the environment temperature also affects the moisture 

background of the O2 delivery system.  Experiments will be run in lab to explore the 

impacts of pressure and temperature fluctuation on moisture background in different gas 

delivery systems.   
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APPENDIX A

NUMERICAL SOLUTION FOR TRANSPORT PROCESS IN POROUS LOW-K FILM 

Comsol Multiphysics® was used to numerically solve the model developed for transport 

of impurities in porous low-k films (See Chapter 6).  In this section step by step method 

is shown how to formulate the model in Comsol Multiphysics®, which applies finite 

element method to solve differential equations.

Step 1:  Define the dependent variables 

There are three dependent variables used in the model. 

CS:  Impurity concentration in the matrix; f (t, z)

Cp: Impurity concentration in the pores; f (t, z)

Cb: Concentration in the gas phase; f (t)

Model is solved for 1 dimension only (z direction).  Open the Comsol Multiphysics® 

software and select 1D under space dimension as shown below. 

To define Cs: Select COMSOL Multiphysics > Convection and Diffusion > Diffusion > 

Transient Analysis.  

Dependent variables: CS; Application mode name: Matrix

Add to Multiphysics.

Similarly, define Cp. 

Dependent variables: Cp; Application mode name: Pore
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To define Cb: Select COMSOL Multiphysics > PDE Modes > Weak, Form Boundary > 

Time-dependent analysis

Dependent variables: Cb; Application mode name: Bulk

Step 2: Define Geometry

The porous film is represented as a single straight line in 1D model. 

Select: Draw > Draw Objects > Line

Draw a line from 0 to 1 m.  

Given Film thickness is 100 nm or 1e-7 m. 

Scale the line by factor of 1e-7.  This line is known as sub-domain

Select: Draw > Scale
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Line length is going to change depending on the film thickness.  For etched and ashed 

film two lines will need to drawn because the physical properties of damaged part are 

different from non-damaged part. Or the physical properties can be assumed as a known 

function of z, which can be finished in Options > Expressions > Subdomain Expressions.

Step 3: Define CS equation over the film thickness (sub-domain) and initial 

condition

Select Physics > Subdomain Settings 

Based on the equation for Cs (See Equation 6.12), define Time-scaling coefficient; 

Diffusion coefficient; and Reaction rate as shown below.
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Under the “Init” tab define the initial value as Cb0 * S (See Equation 6.12a)

Step 4: Define boundary conditions for CS

Define boundary conditions at 1 and 2 (See Equation 6.12b and 6.12c)

Select: Physics > Boundary Settings
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Step 5: Define Cp equation over the film thickness (sub-domain) and initial 

condition

Select Physics > Subdomain Settings 

Based on the equation for Cp (See Equation 6.13), define Time-scaling coefficient; 

Diffusion coefficient; and Reaction rate as shown below.

Under the “Init” tab define the initial value as Cb0 (See Equation 6.13a)

Step 6: Define boundary conditions for Cp

Define boundary conditions at 1 and 2 (See Equation 6.13b and 6.13c)

Select: Physics > Boundary Settings
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Step 7: Define Cb equation at the boundary 2 and initial condition

Select Physics > Boundary Settings 

Based on the equation for Cb (See Equation 6.14), define weak and dweak terms.  

Deselect boundary condition 1.

Under the “Init” tab define the initial value as Cb0 (See Equation 6.14a)

Step 8: Define reaction terms Rs and Rg for surface moisture concentration (Cs) and 

pore moisture concentration (Cp) respectively. 

Select: Options > Expressions > Subdomain Expressions
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Step 9: Define weak term W for Cb

Select: Options > Expressions > Boundary Expressions

Step 10: Define constants and initial value of the parameters

Select: Options > Constants
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Step 11: Mesh the subdomain

Select: Mesh > Refine Mesh

Mesh the subdomain to the desired mesh size by repeatedly selecting “Refine Mesh” 

option. 
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Step 12: Set Solver Parameters Settings

Select: Solve > Solver Parameters

Under “Solver Parameters Settings” set the time scale as shown below. 
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The above steps sets up the model defined in section 5.  Solve the above model and find 

the parameters that best fit the experimental data. 
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APPENDIX B

NUMERICAL SOLUTION FOR THE MODEL OF MOISTURE 

ADSORPTION/DESORPTION ON SURFACE OF EP SS TUBING

Numerical software Comsol Multiphysics® was used to numerically solve the model 

developed for transport and surface reaction in EP SS tubing (See Chapter 9).  In this 

section step by step method is shown how to formulate the model in Femlab.

Step 1:  Define the dependent variables 

There are three dependent variables used in the model. 

CS: Concentration on the tubing surface; f (t, z)

Cg: Concentration in the gas phase; f (t, z)

Model is solved for 1 dimension only.  Open the Comsol Multiphysics® software and 

select 1D under space dimension as shown below. 
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To define Cg: Select COMSOL Multiphysics > Convection and Diffusion > Convection 

and Diffusion > Transient Analysis.  

Dependent variables: Cg; Application mode name: Reactor

Add to Multiphysics.
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Similarly, define CS.

Select: COMSOL Multiphysics > PDE Modes > PDE, General Form > Time-dependent 

analysis

Dependent variables: CS; Application mode name: Surface
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Step 2: Define Geometry

The tubing is represented as a single straight line in 1D model. 

Select: Draw > Draw Objects > Line

Draw a line from 0 to L.  Where, L is the length of the tubing.  In this example L is 

chosen as 1.  This line is known as sub-domain
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Step 3: Define Cg equation over length of tubing and initial condition

Select Physics > Subdomain Settings 

Based on the equation for Cg (See Equation 9.4), define Time-scaling coefficient; 

Diffusion coefficient; Reaction rate; and velocity as shown below.
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Under the “Init” tab define the initial value as Cg0 (See Equation 9.4a)

Step 4: Define boundary conditions for Cg

Define boundary conditions at 1 and 2 (See Equation 9.4b n c)

Select: Physics > Boundary Settings
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Step 5: Define CS equation over the length of tubing and initial condition

Select Physics > Subdomain Settings 

Based on the equation for CS (See Equation 9.2), define Flux vector; Source term; Mass 

coefficient; and damping coefficient as shown below.

Under the “Init” tab define the initial value as CS0 (See Equation 9.2a)

Step 6: Define boundary conditions for Cs

Define boundary conditions at 1 and 2 

Select: Physics > Boundary Settings
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Step 7: Define reaction term and dispersion coefficient term

Select: Options > Expressions > Subdomain Expressions

Step 8: Define constants and initial value of the parameters

Select: Options > Constants
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Step 9: Mesh the subdomain

Select: Mesh > Refine Mesh

Mesh the subdomain to the desired mesh size by repeatedly selecting “Refine Mesh” 

option. 
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Step 10: Set Solver Parameters Settings

Select: Solve > Solver Parameters

Under “Solver Parameters Settings” set the time scale as shown below. 
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The above steps sets up the model defined in Chapter 9.  Solve the above model and find 

the parameters that best fit the experimental data. 
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APPENDIX C

NOMENCLATURE

Symbol Description Unit

A Total surface area of tubing cm2

Ap Cross-sectional area of pore cm2

As Cross-sectional area of solid matrix cm2

Atot
Total surface area of low-k film available for moisture 

adsorption
cm2

c Speed of light cm/s

C Capacitance farads

Cb Concentration of moisture in gas phase of reactor mol/cm3

Cb0 Initial concentration of moisture in gas phase of reactor mol/cm3

Cg Gas phase moisture concentration in the tubing mol/cm3

Cp Concentration of moisture in pores mol/cm3

Cp0 Initial concentration of moisture in pores mol/cm3

Cb,in Concentration of moisture in purge gas mol/cm3

CLL Capacitance between two metal lines in the same layer farads
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Symbol Description Unit

CS Moisture concentration in matrix mol/cm3

CS0 Equilibrium moisture concentration in matrix mol/cm3

Cv Capacitance between two metal lines in different layers farads

d CRDS cell length, or tube diameter cm

dd
Separation between two points to be                                            

resolved in TEM
cm

Dp Diffusivity of moisture in pore cm2/s

Dmol Molecular diffusion coefficient cm2/s

D0 Pre-exponential factor for diffusivity cm2/s

DS Diffusivity of moisture in matrix cm2/s

DS1
Diffusivity of moisture in the matrix of the top layer for 

the patterned low-k film
cm2/s

DS2

Diffusivity of moisture in the matrix of the bottom 
layer for the patterned low-k film

cm2/s

Dz Dispersion coefficient cm2/s

Ed
Activation energy of diffusivity kJ/mol

Ep
Activation energy of permeability kJ/mol

f Frequency 1/s
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Symbol Description Unit

fd
Fraction of gate that switches between during clock 

period
none

Fv Carrier gas volumetric flow rate sccm

k Dielectric constant none

K Permeation constant of device none

kads Adsorption rate constant cm3/mol/s

kdes Desorption rate constant 1/s

km
Interphase mass transfer coefficient between matrix 

and pores
cm/s

kmg
Interphase mass transfer coefficient between pore and 

bulk gas
cm/s

kms
Interphase mass transfer coefficient between matrix 

and bulk gas
cm/s

l Film thickness cm

L Interconnect line length m

n Refractive index None

N Molecular density (concentration) mol/cm3

Nj Molar flux mol/cm3

P Line pitch or Line spacing m
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Symbol Description Unit

P Dynamic power J/s

P0 Pre-exponential factor for permeability
cm2/s x 

cm3(gas)/cm3

(solid)

ps Permeability
cm2/s x 

cm3(gas)/cm3

(solid)

Q Volumetric flow rate cm3/s

r1 Radius of the pore cm

r2 Distance between the two pores cm

R Resistance of the line 

Rg Universal gas constant J/mol/K

Rm Reflectivity of mirror none

So Surface site mol/cm2

S Moisture solubility in matrix
cm3 (gas)/cm3 

(solid)

S1
Moisture solubility in the top layer of the patterned 

low-k film
cm3 (gas)/cm3 

(solid)

S2
Moisture solubility in the bottom layer of the patterned 

low-k film
cm3 (gas)/cm3 

(solid)

Sp Specific surface area of porous film 1/cm

Sp1
Specific surface area of the top layer for the patterned 

low-k film
1/cm
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Symbol Description Unit

Sp2
Specific surface area of the bottom layer for the

patterned low-k film
1/cm

t Time s

T Thickness of interconnect line m

u Mean gas velocity cm/s

U DC voltage volts

V Supply voltage volts

V ’ Peak amplitude of an RF component volts

V v Accelerating voltage volts

Vr Reactor volume cm3

Vp Volume of pore cm3

Vs Volume of solid matrix cm3

Vt Volume of tubing cm3

X Length of unit cell “A” cm

Y Width of unit cell “A” cm

Z Distance from the bottom of low-k film cm
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Symbol Description Unit

 Semi angular angle none

 Film porosity none

1 Film porosity of the top layer for the patterned film none

2 Film porosity of the bottom layer for the patterned film none

o Vacuum permittivity F/m

 Metal resistivity m

 Ring down time s

 Applied potential volts

 Wavelength of probing medium cm

 Absorption cross section area cm2/mol

 Laser frequency hertz
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