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ABSTRACT 

The outgassing properties of materials utilized in semiconductor manufacturing 

are of critical importance to understanding homogeneous contamination problems. This 

dissertation focuses on the interaction of moisture and the oxide surfaces of the silicon 

wafer and electropolished stainless steel. These are the two most relevant surfaces to the 

semiconductor industry. EPSS is prevalent in both high purity gas distributions systems 

and tools. and the silicon wafer is not only involved in every process step. it is the 

substrate upon which integrated circuits are based. 

The outgassing of moisture from these surfaces was investigated using both API 

and EI mass spectrometers. Data was collected at near atmospheric pressures. in inert gas 

t1ow systems in both high(> 10 ppm) and low ( < 300 ppb ) concentration ranges. While 

EPSS outgassing data was previously available. the outgassing of the oxide film on the Si 

< 1 00> wafer surface was obtained for the tirst time under these conditions. Deuterated 

water studies showed the moisture does dissociatively adsorb on the wafer surface to 

some extent. 

A review of previous adsorption/desorption models for moisture on EPSS was 

presented. Although many kinetic models have been proposed. most are based on 

empiricism. and therefore lack physical meaning. As a result. many of the models are 

limited to specific concentration ranges and often give unrealistic surface concentrations 

outside these bounds. These models were discussed. because many of the principle 

elements of them could be extended to the outgassing of the silicon wafer surface. 

18 



In order to correct some of the deficiencies in the modeling of the outgassing of 

metal/metalloid oxide surfaces. a multilayer adsorption/desorption model was developed. 

The attempt was to avoid the empiricism of previous models by integrating known 

chemical and physical interactions for moisture on these oxides into the approach. 

Furthermore. the multilayer model utilizes a range of energetics that are thought to occur 

between moisture and these surfaces. The model utilizes an activation energy that varies 

with the number of intermolecular interactions a water molecule experiences. The kinetic 

model is consistent with the BET multimolecular model at equilibrium. 

19 



CHAPTER 1 

INTRODUCTION 

.. A decade into the next century. the semiconductor industry will begin to be reach 

molecular limitations. where the placement of a mere molecule (atom) or two. will make 

the difference between device success and failure·· [1]. 

20 

Every year since the introduction of the modem transistor. integrated circuits have 

delivered approximately twice the performance at half the cost. relative to the previous 

generation. in accordance 'Nith Moore· s Law [2]. Between 1997 and 1999. the number of 

logic transistors per microprocessor is expected to double from 11 to 21 M. while the cost 

per transistor (Year 1) will plummet from 3000 to 1735 microcents [3. p. 19]. To an 

industry that has achieved such rapid and sustained technological development over three 

and a half decades. the suggestion of an intrinsic performance limitation to CMOS ICs. 

by the father of the modem transistor no less. is cause for reevaluation. Dr. Moore sees 

the failure of his famous law within the next thirty years [1] based on continued use of 

the silicon substrate. The Semiconductor Industry Association· s (SIA) :-.Jational 

Technology Roadmap for Semiconductors (NTRS) agrees. speaking of a .. formidable. 

I 00 nm barrier·· that threatens the continuation of Moore· s law (in regard to silicon 

CMOS ICs) into the next century unless .. an unprecedented number of distinct technical 

challenges .. are overcome [3. p. ix]. 

An intermediate solution to molecular limitations in silicon-only-processing will 

likely involve the utilization of other silicon based substrates. such as SiGe and SO£ 



(silicon on insulator). due to their increased speed and attractiveness in utilizing existing 

tool designs [4. p. 91]. Non-silicon based substrates. such as GaAs and exotic compound 

semiconductors [5] [4. p. 557]. may be required much further into the next century to 

keep increasing chip speed and maintain the industries· amazing gro'Wth. 

The more immediate challenges (i.e. over the next fifteen years) to further device 

integration on silicon are already being explored by the semiconductor industry and are 

identified by the SIA and outlined in the NTRS. While crystalline silicon. and later 

silicon-based materials. 'Will reign into the next century [ 4. p. 18. 91 ]. impending physical 

limitations will begin to demand that manufacturing and metrology improvements be 

made if Gigascale integration ( GSI) is to be achieved. 

The semiconductor industry has always been concerned 'With producing and 

maintaining an ultra-high purity (UHP) wafer-processing environment. Contamination is 

known to affect process yield. and this correlation is strengthened as device sizes 

decrease [6. p. 19]. Process yield is the ~"'umber one economic driver in the 

semiconductor industry. While all die will be processed. at corporate expense. only those 

with functioning devices will earn income. Thus. the effects of contamination on yield 

are of critical importance. The manufacturing area associated 'With increasing device 

yield is known as defect reduction/yield enhancement. An IC defect can be attributed to 

many things. The most common detects are particles. but can also be holes or voids that 

occur in the various thin films used. A .. killer·· defect is one that would render the device 

useless. The NTRS has set targets for the electrical defect densities of DRAM (Dynamic 

Random Access Memory) and ASIC (Application Specific Integrated Circuits) products 
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over the next several technology generations. These increasingly stringent requirements 

are outlined in Table 1.1 [3, p. 17]. 

Contaminants, or impurities, can essentially be divided into two classes: 

heterogeneous and homogeneous. Heterogeneous contaminants !1-re dissimilar to their 

carrier phase, while homogeneous contaminants are similar. Examples of heterogeneous 

impurities are particles in gases or particles, bacteria, and virions in water. Typical 

homogeneous impurities are gaseous moisture and oxygen in UHP nitrogen/argon or 

dissolved ions in water. These contaminants can enter the wafer-processing environment 

in many ways. Heterogeneous impurities originate from processes, bulk chemicals, 

equipment, cleanroom and people [7, p. 267]. Most particles are believed to originate 

from processes and equipment [8, p. 526]. Homogeneous impurity sources are 

cleanroom, equipment (via various processes [9, pp. 170-295]), bulk chemicals, and 

processes. 

Table 1.1: Electrical defect density targets 
Year of first product 1999 2001 2003 
shipment 
Technology 250 150 130 
Generations 
Dense lines (DRAM 
half pitch) (nm) 
DRAM first year 1455/985 1310/875 1040/695 
electrical defect 
density @ 60%, 
80% @ 3rd year 
(d/m2) 
ASIC first year 725 685 645 
electrical defect 
density@ 60% 
(d/m2) 
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Of the two contaminants, heterogeneous contaminants have received the most 

scrutiny. This is partially because particles: 1) were easily the largest defect source in the 

first three decades of microelectronics manufacturing 2) are easier to observe on the 

wafer surface than homogeneous impurities 3) are easier to control than homogeneous 

impurities and 4) the defects they cause are more easily related to their presence [3, p. 

78]. With advancements in particle detection techniques, particle defects are more easily 

observed. The effects of molecular contaminants are more ambiguous; it is extremely 

difficult to relate metrological observations of defects to trace levels of these 

contaminants within the wafer processing tools. 

As devices become smaller, particulate contamination must be controlled even 

more stringently. Particles can cause a short circuit by contacting metal lines within a 

layer, or may cause contact between successive layers to be disrupted. Table 1.2 shows 

how the minimum feature size will decline in future device generations, and the 

accompanying goals regarding killer particle size and concentration that must be met to 

avoid unreasonable yield losses. 

Table 1.2: Particle restrictions into the next century 
Year of first 1999 2001 2003 
product shipment 
Technology 250 150 130 
Generations 
Dense lines 
(DRAM half pitch) 
(nm) 
Killer particle 125 75 65 
diameter (nm) 
Particles ~ critical 27 8 5 
size (/m3

) 



Much of the work on reducing particle contamination has come from improving 

the air quality of cleanrooms by reducing particle generation from people and facilities. 

As device fabrication moves into the Gigabit era. however. advances in populated 

cleanrooms are expected to plateau. According to Kitajima [7], the cleanliness limit of 

cleanrooms will be benveen the 0. I and I classes. This will necessitate greater protection 

of wafers between and within tools by increased use of .. factory automation. increasing 

use of tool minienvironments. and closed carrier (pods) .. [3. p. 168]. Currently. the last 

lines of particle defense are often point-of-use particle filters for process fluids and 

laminar flow hoods in the wafer staging area. 

While heterogeneous contaminants will always be of concern. the importance of 

homogeneous contamination control is rapidly becoming critical to continued integration. 

By the year 200 l. the number of process step in ASIC manufacturing is expected to rise 

from 350 steps (1997) to 420 [3. p. 168]. More troubling is the prediction that the 

percentage of the process steps ··atTected by non-particulate or molecular contamination 

is expected to increase" [3. p. 168]. 

More often than not. the bulk gas source has been the suspect behind 

homogeneous contamination. The benchmark for ambient impurities (H20. 0 2, C02. 

C~) in bulk process gases CN2, H2. Ar. 02) is expected to be less than 100 pptv (part per 

trillion by volume) by the 150 run technology generation [3. p. 170]. Even with these 

stringent tolerances however. the bulk process gas industry is expected to keep pace at 

the bulk gas delivery source. The aforementioned bulk electronic gases can currently be 

supplied at better than 99.9999999% [10. p. 74], and the gas purifiers available today are 



capable of .. meeting and maintaining the dictated ultra-low impurity levels in many of the 

process gases .. (11. p. 92] for some time to come. The NTRS agrees. stating that ··order 

of magnitude improvements in process critical gas impurity levels are not believed to be 

necessary well into the sub-1 00 run regime·· [3. p. 163]. The problems in homogeneous 

contamination. therefore. lie elsewhere. 

The problem is to transport the ultra-high purity gas from the source to the point

of-use. i.e. the wafer surface [10. p. 92. 11. p. 74. 12. p. 59. 13. p. 8. 14. p. 237. 14. p.l93. 

15. p. 1459. 16. p. 361] without compromise. Once the UHP gas leaves its source. it 

must snake its way through hundreds of feet of piping and an array of valves. mass flow 

controllers. sensors. and bends. While gas flows through the system. it is subject to 

contaminant intrusion by: desorption from tubing walls and components. permeation 

through polymeric tubing and seals. diffusion from dead volumes. and back-diffusion 

from pumps. vents. and process fittings. 

Various surfaces used in ultra-high purity gas distribution systems have a 

concentrating effect on homogeneous impurities through surface adsorption (17]. 

Surfaces such as electropolished stainless steel (EPSS). copper. fused silica. polymers. 

and ceramics can adsorb ambient contaminants when exposed. These exposures may be 

brief. as in a transieTlt disturbance. or prolonged. as in the installation of a new line or 

component. Many of these surfaces. such as particle filters. have high surface areas 

representing large impurity sources that desorb their impurities quite slowly [ 18]. While 

polymeric component use is generally avoided. it is often necessary to gain flexibility 

(i.e. tubing) or form sealing mechanisms (i.e. valves. reactors). 
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While polymeric usage cannot be completely eliminated. polymers can be 

analyzed to determine their intrinsic outgassing properties~ solubility and diffusivity. 

Knowledge of these parameters allows predictions to be made on the contribution of 

polymeric components to gas purity at steady state and under transient conditions. such as 

impurity spikes [16. 19]. In contrast. the back-diffusion of impurities and outgassing of 

dead-volumes can often be avoided through prudent system design [ 15]. Generally 

speaking, these impurity sources/transport modes are well understood. 

Impurity adsorption/desorption. however. is a more complex problem. The 

adsorption isotherms for various impurities on differing surfaces can assume many forms. 

The observed outgassing behavior and underlying mechanisms are often very specific to 

the molecular contaminant and the surface chemistry [ 17]. Moreover. 

adsorption/desorption cannot be completely avoided. only its effects minimized. 

Therefore. it ts important to understand and characterize the kinetics of 

adsorption/desorption through modeling [9. 13. 14. 20]. These models can then be 

appiied to gas-distribution systems. yielding information such as drydown times and the 

spatial distribution of impurities as functions of temperature. impurity exposure level. gas 

flowrate. tubing diameter. filter surface area. and tubi"g length. 

While gas distribution systems will alw~:_ s be subject to some degree of 

homogeneous contamination. it is the last link in the chain of gas purity from source to 

point-of-use upon which the onus is shifting; the wafer processing tool. The overall goal 

of contamination control. remember. is to dictate the environment influencing the wafer 

during processing. According to the NTRS ... reduction of process/equipment generated 



defects is paramount to meet defect targets for 60% first year yield and 85-95% yield in 

mature products·· (4. p. 163]. Many wafer processing tools. such as oxidation furnaces. 

CVD reactors. plasma etchers. and ion implanters have. at best. been designed 

heuristically. The major concern for tool manufacturers was to maximize the reaction 

rates. and thus product throughput. while meeting the customer's specifications. Little 

regard was given to tool design to minimize homogeneous contamination. especially in 

the trace level regime. It is this contamination. however. that will affect the .. growth and 

development of reliable. high quality, very thin films·· (4, p. 70]. Often times. major 

impurity sources that can contribute to the overall impurity profile within the reactor have 

been overlooked. An illustration of the sources and transport mechanisms for a generic 

tool is shown in Figure 1.1. While some of the sources cannot be eliminated. process 

variables can be optimized and reactors re-designed to reduce the intrusion. For example. 

purge gas flowrates. reactor temperature and pressure can be optimized to assist in the 

reactor drydown during and after the wafers are introduced. Reactors can be designed to 

include wafer load-locks and double walled vessels. Inert gas filled ·wafer isolation 

carriers· could also aid in minimizing the homogeneous contamination of reactors. 

especially those with load locks. It is uniformly agreed that a ··more fundamental 

understanding of reactor contamination formation. transport. and deposition will be 

required to enhance current equipment and process design .. [4. p. 178]. 

Many of the critical surfaces found in ultra-high purity gas distribution systems 

and wafer processing tools are composed of metal/metalloid oxides. These include EPSS 

tubing used for gas piping. quartz reaction vessels. and most notably, the wafer surface 
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1. Impurities in Feed 
2. Permeation through polymeric 

tubing 
3. Diffusion through joints 
4. Convection 
5. Permeation through quartz vessel 
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6. Back-diffusion against convective 
flow 

7. Permeation through o-ring gaskets 
8. Desorption/adsorption and 

reaction of impurity 
9. Diffusion from inter-wafer 

spacing to annulus 

Figure 1.1: Sources and transport of impurities in a wafer processing tool 



itself. At numerous times during the processing of a silicon wafer. it will be covered by 

silicon oxide films of varying thickness. This oxide film can be native in nature, or 

intentionally placed by thermal oxidation or chemical vapor deposition techniques [5. p. 

92. 278]. The adsorption of homogeneous impurities (i.e. from the gas phase) onto this 

oxide is the most direct pathway for these impurities to contaminate the wafer surface 

resulting in various problems and defects. The wafer surface. therefore. represents an 

additional opportunity where adsorption/desorption models can be utilized. 

Of the many ambient impurities. the two most critical are moisture and organic 

compounds. Organic contaminants have the ability to adsorb to the oxide of the wafer 

surface and be incorporated as carbonaceous impurities during subsequent high 

temperature processing steps [7. 21. 22. 23. 24]. Moisture causes many problems in gas 

distribution systems and wafer processing tools. It is involved in particle forming 

reactions. corrosion of components in reactive gas systems [25]. oxidation of various thin 

tilms and substrates [26, 27. 28]. and assisting the binding of other compounds to the 

wafer surface [23, 24]. Moisture also effects the selectivity and rates of processes. such 

as gaseous oxide etching [29]. Unfortunately. moisture is also the most difficult impurity 

to control [10. :3, 14. 25], due to its small size, high polarity. and ability to hydrogen 

bond. 

Many of the adsorption/desorption models that currently exist for moisture 

adsorption on metal oxide surfaces suffer from several problems. Most are empirically 

based, and do not reflect the true nature and range of adsorbate-adsorbent and adsorbate

adsorbate interactions possible. Furthermore, they do not discriminate between different 
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'types' of surface moisture. The results are models that do not predict realistic impurity 

surface distributions or outgassing rates in different concentration ranges. Additionally. 

many of these models are not easily amenable to subsurface reactions or multicomponent 

surface adsorption. Frequently. the moisture adsorption/desorption data upon which 

these models are based is generated only at high gas phase concentrations(> I ppm) due 

to the high moisture background and low sensitivity of the metrology tools used. 

Consequently. the models do not accurately capture the important phenomena of low 

surface coverage adsorption/desorption. Characterizing the behavior in this regime is 

critical to predicting outgassing in the ultra-high purity ( < I ppm) range that is found in 

many gas distribution systems and wafer processing tools. A detailed review on the state 

of moisture adsorption/desorption models on metaVmetalloid oxide surfaces will be 

presented in Chapters 3. 

This dissertation will focus on the development of a first-principles. multilayered. 

surface-reaction based adsorption/desorption model for moisture sorbed on metal and 

metalloid oxides. The model also includes a pathway for moisture residing in the first 

layer to diffuse through the oxide and react with the underlying metaVmetalloid substrate 

at elevated temperatures. It is consistent with the BET isotherm and proposed chemical 

interactions that occur between adsorbed molecules and the oxide surface. 

The model will be applied to EPSS. and the Si <100> wafer surface outgassing 

data in order to gain the necessary kinetic parameters for the surfaces that are most often 

found in gas distribution systems and tools. The data upon which the model parameters 

will be isolated will be collected using a state-of-the-art trace level metrology tool kno"'n 



as Atmospheric Pressure lonization Spectrometry (APIMS). A novel reactor 

configuration will be introduced to examine the actual Si <100> wafer surface. as 

opposed to a ·model' surface that is purported to behave similarly. 

One of the greatest applications of this model is to predict the effects of residual 

moisture contamination on various wafer processes that are moisture sensitive. Residual 

moisture is defined as moisture impurity that is carried into the tool with the wafer. 

including both surface moisture and gaseous moisture trapped between wafers within a 

stack. One of the more critical and moisture sensitive processes in device fabrication is 

the growth of the silicon oxide gate dielectric. Growing a thin, uniform and high quality 

gate has ·•emerged as one of the most difficult challenges for future device scaling" ( 4. p. 

71 ]. Following current scaling laws. the silicon oxide gate is expected to approach 20 A 

by the year 2003 (4. p. 181 ]; this in order to increase channel transconductance and 

transistor performance. When attempting to grow oxide layers of this thickness. even a 

few adsorbed moisture molecules could affect oxide quality and thickness due to their 

ability to function as an oxidant to silicon. On a local scale. adsorbed moisture could lead 

to thicker than expected oxide, depending on reactor conditions. On the wafer scale. 

radial variations in adsorbed moisture could lead to non-uniformities in the oxide layer. 

This non-uniformity translates to inhomogeneous wafer dies. Thus, integrated circuits 

created in the same batch. even on the same wafer, could exhibit different electrical 

properties. 

Often, the reactor configuration is fraught with mass transfer bottlenecks that lead 

to variations in gas phase moisture levels above the substrate. These gas phase variations 
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'.Aiill induce the surface moisture gradients that affect oxidation. Both vertical and 

horizontal oxidation furnaces should exhibit non-uniformities due to the stagnant gas 

bern·een wafers (inter-wafer spacing or IWS) which can empty only by diffusion [30]. A 

problem that will only be exacerbated as the wafer diameter is increased from :200 to 300 

mm. The kinetic model developed herein. when coupled with the appropriate reactor 

design equation for the reactor type. constitutes a means to predict the effect of residual 

moisture on gate oxide uniformity in various reactors. This work will explore these 

effects within VTRs (vertical thermal reactors). SBFRRs (small-batch fast ramp reactors). 

and single wafer RTPs (rapid thermal processing tools) after the necessary model 

parameters have been determined for moisture on the silicon < 1 00> oxide surface. 
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CHAPTER2 

EXPERIMENTAL DESIGN AND A.L"lALYTICAL INSTRUMENTS 

2.1 INTRODUCTION 

One of the biggest challenges facing those concerned with low ppb and even ppt 

impurity detection in process gases. is a versatile. rapid. sensitive and reproducible 

detection method. Atmospheric Pressure Ionization Mass Spectrometry, or APIMS. 

fulfills all of these requirements. APIMS is analogous to the more common Electron 

Impact Mass Spectrometer (ElMS) in terms of its mass scanning, detection and counting. 

It differs by its mechanism of ionization of impurities. which is conducted at atmospheric 

pressure rather than under vacuum conditions This method of ionization imparts APIMS 

with the ability to detect small gaseous molecules (less than 200 amu) from the hundred 

ppb range. down to the single digit ppt level. It is also capable of simultaneously 

monitoring many impurities. and does so with a very fast response time. in comparison 

with dedicated impurity analyzers. Using dilution of the sample gas stream with zero gas 

(total impurity content< 25 ppt), gas phase analyte measurements into the hundreds of 

ppb. and even single digit ppm range, can be performed . 

. AJliMS has many positive attributes. Being a mass spectrometer. it can rapidly 

and simultaneously measure many different types of analytes (i.e. impurities). APIMS 

has a very high signal-to-noise ratio (SNR), even in the low ppt concentration range. In 

fact. its SNR is over one million times that of a traditional ElMS. The high sensitivity of 

APIMS leads to a minimum dectectability of0.5- 1.5 ppt [9, p. 74]. 



There are. however. obvious drawbacks to Atmospheric Ionization Mass 

Spectrometers. APIMS units are very expensive. The mass spectrometer and gas 

blending/calibration unit range between $250.000 and $500.000. The system must 

constantly be purged with a zero gas N2 purge in order to achieve and maintain its 

ultimate performance specifications. APIMS calibration is complex. The nature of the 

high pressure ionization and corona-discharge source may lead to cluster formation. 

resulting in overlapping peaks and difficulty in interpreting the mass spectra. This can 

often be avoided by careful tuning of the mass spectrometer operating parameters. but 

this procedure is involved. Another drawback to APIMS is that you can only examine 

impurities with a lower ionization potential than the carrier gas being utilized. When 

using nitrogen. this usually precludes the examination of argon. helium and hydrogen. 

The use of He as a carrier gas is cost prohibitive and zero grade nitrogen was used as the 

carrier gas throughout this study. 

APIMS users have had success at modifying the instrument to alleviate some of 

the instruments few shortcomings. Mitsui et. al. have had success at measuring trace 

levels of hydrogen in nitrogen [32], and in measuring trace levels of reactive gases such 

as silane in nitrogen or helium (33]. A leading APIMS manufacturer now offers a unit 

that can detect hydrogen in nitrogen (34]. 

The experimental setup for adsorption/desorption experiments consisted of three 

sections (Figure 2.1 ): a) an analytical bank focused on APIMS. but also consisting of 

EIMSs and dedicated (one or a few impurities) analyzers b) the device-under-test (DUT) 

enclosed within a high temperature furnace and c) a gas introduction/mixing section 
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responsible for exposing the DUT to UHP pure N2, 'challenge' gases of known 

composition, and external calibration mixtures. 
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The experimental goal was to determine the outgassing behavior, also known as 

dry down or desorption, from a well-defined surface of interest. This was accomplished 

by monitoring the gas phase impurity concentration at the outlet of the DUT as a function 

of time during the desorption step in a defined exposure sequence. Subsequent modeling 

of this dry down process yields fundamental kinetic parameters. Sometimes, isotopic 

moisture (D20) was utilized at various steps in the procedure to explore the chemical 

nature of the adsorbate (moisture) - adsorbent interactions and to reduce system 

background. 

The adsorption surface, or DUT, was supplied in the form of a coiled piece of 

tubing (as in electropolished stainless steel) or in reactor form (as in a 'packed bed' 

configuration of silicon wafers). The aim was to have a high surface area of material 

present in order to obtain an adequate signal at the APIMS source and maximize the ratio 

of desired surface/downstream tubing. The temperature of the surface was maintained 

between 25 and 1000 °C by use of a clamshell furnace equipped with a PID temperature 

controller, and monitored with a type-J thermocouple. The usual experimental sequence 

consisted of; 

1. Pre purge/Bake - a high temperature baking of the surface under an N2 zero 

grade purge in order to elucidate the removal of surface impurities through 

desorption 



2. Isothermal Adsorption - the surface is exposed to an impurity laden gas of 

known concentration (challenge step) until impurity equilibrium is reached 

between the two phases 
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3. Isothermal Desorption- the surface is immediately exposed to zero grade N~ 

(purge step) after challenging and the concentration of impurity at the outlet of 

the DUT is monitored until the system baseline is approached 

4. Temperature Ramping- the OUT is repeatedly baked (under zero grade N~ 

purge) to accelerate the removal of surface impurity and close the mass 

balance 

Most of the gas phase impurity concentration data is collected using APIMS or ElMS. 

The data are then linked to theoretical models that allow the determination of the 

fundamental outgassing parameters for that surface and impurity. 

2.2 APIMS THEORY OF OPERATION 

APIMS is based upon the phenomenon of the ·soft'. also known as ·chemical· or 

·charge transfer·. ionization of impurity molecules. In electron impact mass 

spectrometry, ionization occurs at reduced pressure (.005 torr or below). when an 

electron. emitted from a hot cathode. strikes a molecule which ionizes to form a positive 

ion. Under the vacuum conditions of the ion source, the probability of an electron 

striking impurity molecules existing in ppb concentrations, is almost nil. In API mass 

spectrometry, the sample gas is ionized at. or above. atmospheric pressure via a corona 

discharge ionization source. This results in the formation of a large number of primary 
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ions composed mainly of the carrier gas. When using nitrogen, this ionization step yields 

N+, N2 +. Statistical probability will dictate that the same fraction of impurity molecules 

will be ionized as carrier gas, but due to their dilute nature, the actual number of ions will 

be small. With the short mean free path, numerous collisions will occur between carrier 

gas ions resulting in secondary ions of higher mass: 

While a small fraction of the carrier gas is ionized at any time, the ratio of these ions to 

the impurity molecules is tremendous. When one of these nitrogen ions collides with an 

impurity molecule, which is a near certainty due to the high ratio ofNx+/1, it is ionized by 

a charge transfer mechanism. This is the secondary, or soft, ionization step. Through the 

primary ionization of the carrier gas, and some impurity, followed by the chemical 

ionization via collision between carrier ions and impurity molecules, virtually 1 00% of 

r::\ ~rimary Ioni;::m ~ Se~ondary Ion:;:on ~ 

~ API ~ Collision ~ 

N2 +e-==> N
2
++2e

I+e- ==> J++2e-

• 
Figure 2.2: Dual mechanism of ionization 
in the API source 
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the trace impurities present will be ionized. This sequence is shown schematically in 

Figure 2.2. These are the physics responsible for APIMS' incredible sensitivity and low 

detection limit. The charge transfer mechanism will only occur if the carrier gas has a 

higher ionization potential than the impurity molecule. A table of i9nization potentials is 

listed in Table 2.1. A sample reaction is shown below: 

Since it is thermodynamically favored that oxygen be ionized over nitrogen, this reaction 

occurs. 

Table 2.1: Ionization potentials of 
relevant gaseous species 
Gaseous Species Ionization Potential 

(eV) 
He 24.6 
Ar 15.8 
N2 15.6 
H2 15.4 
co 14.0 
C02 13.8 
CH4 12.6 
H20 12.6 
02 12.1 

C2H6 11.5 
C3Hs 11.1 

Potential problems loom when there is a large quantity of a given impurity 

present. First, this impurity molecule may consume an unusually large number of the 

primary ions, and thus other impurities will evade detection. Second, even if one is not 
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concerned with detecting multiple impurities. the molecule itself will swamp the primary 

ion plasma and some of it will not be ionized and subsequently detected. Lastly. some 

impurities such as moisture. can cluster with nitrogen ions forming species with unusual 

mass to charge (rnle) ratios that may interfere with the detection of themselves or other 

impurities. An example of this is the reaction of moisture \\'ith an N3- ion: 

The species. NH20 ... has the same mass/charge ratio. 32. as oxygen impurity. Therefore. 

this clustering could affect the detection of oxygen when large amounts of water are 

present in the source. The APIMS settings. however. such as the source. focusing and 

accelerating voltages. can be optimized to limit this interference effect. 

Once the ions are generated between 1.2 and 1.4 bar. they are leaked through a 

small, biased. focusing orifice. labeled F l (Figure 2.3 ). After crossing Fl. the ions are 

transported through a series of pressure drop stages (formed by orifices. utilizing 

roughing pumps, and turbomolecular pumps) and focusing plates. The positively charged 

ions then enter the first quadrupole. In this first quadrupole they are separated according 

to their mass to charge ratio. Ions with the desired mass/charge ratio pass through to the 

next quadrupole, while the others strike the poles. The operation of the quadrupole in 

this manner is known as operating in partial mode. 

After passing through the first quadrupole. the ions enter the second and third 

quadrupoles. The second quadrupole is contained within an Argon collision cell. Use of 
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the second and third quadrupoles is only necessary when trying to discriminate between 

ions with the same m/e that were filtered by the first quadrupole. Thus, these 

quadrupoles are often operated in full pass mode, where all ions are allowed to reach the 

detector. The detector, a secondary electron multiplier, is the last component in the line-

of-sight of the ion. This component produces an electrical signal in proportion to the 

number of ions that strike it. 

2.2.1 TRACE+ TRIPLE QUADRUPOLE API MASS SPECTROMETER 

The Trace+ Triple Quadrupole Mass Spectrometer consists of three main sections: 

source/focusing, quadrupole filtering ( & control and further focusing), and detection. A 

Pressure (torr) 

Figure 2.3: Schematic Diagram of 
VG Trace+ APIMS 



schematic diagram of the Trace· APIMS is shown in Figure 2.3. A high vacuum system 

is necessary for proper operation of these three sections. 

Sample gas flows through the source housing at 1.0- 1.4 torr, at a floY~Tate of 

approximately 3 standard liters per minute (3 SLPM). The source is a stainless steel. 

well-swept volume with a tungsten needle kept between 3.2 and 5 kV. The source 

temperature is often maintained between 50 and 160 °C by use of several heat bands. 

The high voltage placed on the needle generates a corona discharge which ionizes the 

sample gas as discussed above. The gas inlet tube is longer than the outlet tube allowing 

the gas to flow very close to the needle tip. Ions generated by the corona are drawn into 

the first pumping stage at .5 torr through a 200 urn orifice, F 1. This orifice is located 3 

mm from the needle. and has a voltage between -300 and 300 V. F l is a critical focusing 

orifice. as its voltage determines the fragmentation energy of the ions entering the 

spectrometer. The rapid expansion of the gas after F I assists in breaking up clusters that 

may form in the source. 

Protruding into the first pump stage. which is generated by a high capacity rotary 

pump. is a cone shaped orifice with a hole at its apex. F2. By applying a voltage between 

-300 and 300 V, ions are attracted to the point of the cone and pass into the next pump 

stage. This second vacuum stage is pumped with a rotary-backed. turbomolecular pump 

generating a pressure of< 1 o-5 torr. The ions continue to fly through a series of lenses 

and focusing plates (F3. HPI. HP2, F4) maintained at progressively higher levels of 

vacuum until they reach the quadrupole section which is maintained at 1 0-6 torr. 



Each of the three quadrupoles of the Trace· consists of four electrically 

conducting electrodes that are hyperbolically shaped and located in a square array. 

Opposite electrodes are connected together and given both a DC and RF bias component. 

The other electrode pair receives the identical potential as the first set. but opposite in 

sign. The fields associated with these potentials. induce two types of motion in the ions. 

The first is an oscillation of the ion about the z-axis. where it ultimately emerges from the 

opposite end of the filter. the second is an unstable motion in which the ion moves 

normal to the z-axis and ultimately strikes an electrode and is neutralized. 

The Trace- is equipped with three quadrupoles. placed in series. to discrimmate 

between ions with the same m/e which results in peak overlap. When peak overlap is of 

no concern. the second and third quadrupoles are operated in full pass mode. i.e. they let 

all ions pass down the z-axis to the detector. The second quadrupole is enclosed within a 

collision cell which can be slightly pressurized with ultra-high purity argon. The function 

of this cell is to break-up ionic clusters with the same m/e. The resulting fragments are 

then filtered in the last quadrupole. Therefore. all three quadrupoles must work in 

concert when attempting to discern between ions with the same m/e. For example. to 

measure CO in N2, the first quadrupole is tuned to allow m/e = 28 to pass into the second 

quadrupole/collision cell allowing both CO .. and N2- ions to enter. [n the collision cell. 

which operates at about l o·3 torr. argon molecules collide with these ions which undergo 

·collision induced dissociation (CID)' resulting in the formation of additional ions c·. 

N-. a· etc. If CO was the species of interest. the third quadrupole would then be tuned to 

allow m/e = 12 to reach the detl'!'ctor. Proper care must be taken when calibrating for CO 



in this manner by adjusting the voltages and pressures in the second quadrupole to 

accelerate ions through the cell. maximizing fragmentation energy. and then decelerating 

them. for efficient analysis in quadrupole number three. 

The ions that pass through the third quadrupole are drawn into a channeltron 

electron multiplier. It is a curved glass tube which has been coated with a resistive 

material on the inside. usually beryllium. When an electrical potential is applied between 

the ends of this tube. the inner surface forms a continuous dynode. Ions are drawn into 

the mouth by a large negative potential applied to it. and impact the resistive coating 

creating a burst of secondary electrons. This burst of electrons is pushed further down 

the tube toward the other end which is grounded to earth. This initial burst of electrons 

creates a cascade of electrons as they continue to strike the resistive coating many times 

over on their path toward the exit. Therefore. a measurable charge will be created for 

every ion that enters the channeltron. The subsequent pulses are further amplified and 

then counted by a pulse counter ( Ortec ). 

In short. the overall operating scheme of the APIMS consists of ionizing trace 

impurities in the source by ·soft ionization·. tiltering and focusing of the ion beam in the 

lenses and quadrupoles. and ion counting by the channeltron detector. The data resulting 

from this sequence are the counts per second (cps) for a certain impurity level. A 

calibration curve is then needed to translate these raw ·counts· into a usable form. namely 

volumetric concentration of the impurity in the source. Generating these calibration 

curves is outlined in a subsequent section. 
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2.2.2 APIMS GAS PROCESSOR 

The gas processor is a vital component of the APIMS. It serves several critical functions. 

These include: 

- Generation of a ·zero grade· nitrogen used to establish the system baseline and 
for dilution of sample gas streams 
- Generation of ·calibration gas mixtures· via careful dilution of standards 
- Providing a controlled amount of sample gas to enter the source 

The gas processor used in tandem with the Trace- APIMS was manufactured by L ·Air 

Liquide. A schematic diagram of this unit and the gas distribution components external 

to the gas processor are shown in Figure 2.4. The highlights of the gas processor are 

exclusive use of electropolished. TIG (titanium electrode inert gas environment) welded. 

stainless steel tubes. critical orifices for in-line flow controL and all metal mass flow 

controllers (MFCs) for off-line control. EPSS critical orifices are used for in-line flo\v 

control because they do not contribute impurities to the zero gas. Ultra-clean pressure 

transducers monitor the pressure upstream of these critical flow elements so that the 

flowrate can be determined. All metal MFCs are utilized off the main lines to minimize 

impurity intrusion through the seals and into the pure gas. These MFCs are also used to 

vent a portion of the gas flow in every leg. in order to minimize dead volumes where 

impurities can accumulate and slowly outgass. 
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2.2.2A PREPARATION OF ZERO GAS (N2) 

The source of the carrier gas nitrogen is a bulk, cryogenic source that services the 

UA ECE microelectronics laboratory (Figure 2.4). The purity of this source is 99.9999% 

nitrogen. After leaving the bulk N2 tank, the supply is split into a "pause grade" nitrogen 

line, with no additional purification, and an ultra-high purity nitrogen line. The UHP line 

is composed of electropolished stainless steel tubing and high purity metal valves. This 

?! 
// 

Calibration Mixture (02,CO,C02,CH4 in N2) 

Moisture Calibration Leg 

MFCJ 

Purified Nitrogen to Direct Injection System 

Permeation Device 

MFC4 

APIMS 

Figure 2.4: Schematic diagram of gas processor and 
gas delivery system 

nitrogen passes through a 1000 L, hot-metal getter purifier manufactured by UltraPure 

Systems (Model 7000 XL). Upon leaving this purifier, the total impurity content in the 

nitrogen is less than 1 ppmv. 

The UHP nitrogen is further purified before entering the APIMS gas processor by 

two (Monotorr series 3000N, model# PS3MTN1) getter purifiers placed in series. Part of 

this gas is then fed to the gas processor while the other part is directed to the direct 
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injection system. One SAES purifier is shown to remove moisture, oxygen, 

hydrocarbons and, down to the following levels shown in Table 2.2 [35]: 

Table 2.2: SAES Getter 
Performance Data 

Impurity Level 
02 < 1 ppb 

H20 < 1 ppb 
THC < 10 ppb 
C02 < 1ppb 
co < 1 ppb 

After passing through the four SAES getters in series, the purity of the 'zero' gas 

or 'blank' gas is in the single digit ppt range for major impurities. The 'zero' gas purity 

establishes the limit of detection, or the baseline, for the APIMS. Another function of the 

zero gas nitrogen is to dilute sample gases to be analyzed, either in the gas processor or in 

the direct injection system. 

2.2.2B SAMPLE GAS 

Dilution of the sample gas line with zero grade nitrogen is a critical step in the 

accurate measurement of impurity content by APIMS. Without adequate dilution, 

impurity molecules can saturate the plasma. This leads to a) non-linearities in the 

calibration curves and subsequently, erroneous results and b) complicated and misleading 

mass spectra. The dilution of the sample gas stream is accomplished by adjusting MFC2, 

located off of sample gas line B, and MFC 1 in concert. 
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2.2.2C PREPARATION OF CALIBRATION GASES 

The APIMS gas processor is currently configured to prepare several impurity 

standards: H20, 0 2, CO, C02, and CH4. All, with the exception of moisture, originate 

from a certified cylinder containing the species in the single digit to_ tens of ppm range 

with the balance grade-6 (99.9999%) N2. The gas processor meters the cylinder gas 

stream using MFC 5, a 1 seem maximum mass flow controller, into the zero gas dilution 

stream. The cylinder gas is passed through a molecular sieve to remove cylinder 

moisture which may could later affect moisture calibration. A typical scenario would see 

.10 seem of the calibration mixture being diluted by 5.0 slpm of zero gas, yielding an 

accurate dilution ratio of 1:50,000. For an impurity at 10 ppm in the cylinder, the 

resulting standard is 200 pptv. Other dilution schemes exist, using two-fold dilution, 

where standards less than 10 ppt can be accurately generated [9, p.68]. 

Moisture standards are prepared by passing a known flowrate of zero grade N2 by 

a temperature controlled permeation device. These devices are designed to release a 

known and consistent amount of moisture at a given temperature (usually 50 °C). The 

permeation device in the gas processor has a permeation rate on the order of 90 ng/min. 

Calibration of APIMS in this manner is well documented and accepted [36]. The 

flowrate in the moisture calibration leg is defined to yield a 1 00 ppb moisture gas after 

the permeation device. By venting some of this gas with MFC 4 and diluting with the 

zero gas line, standards in the 100 ppt range and below can be obtained. 
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2.3 DIRECT INJECTION SYSTEM (DIS) 

The direct injection system was designed for several purposes (Figures 2.5 and 

Figure 2.6), the most critical of which was proximity of the device under test (DUT) to 

the API source. The APIMS gas processor is quite equipped to han_9le dilution of a 

sample gas followed by source introduction. However, this system is physically 

constrained. From the outlet of the DUT to the corona discharge lies approximately 15 

feet of V4" tubing. Even though this material has been chosen for its minimum interaction 

with impurities, the true outgassing of the DUT will still be distorted by 

adsorption/desorption of the gaseous sample with this large surface area. To minimize 

DpMFC 

D20 Permeation Device 

High Temp. Furnace w/ 
Device Under Test 

B 

IPA Dilution N2 

H20 Permeation Device 

0 2 Permeation Device 

From House Purifier 

Figure 2.5: Schematic diagram of experimental 
section (direct injection system, DIS) 

'downstream' effects, the device (or surface) under test was located as close as physically 

possible to the API source sample injection port. With this modification the length of 
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Figure 2.6: Direct injection system 
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downstream tubing was reduced to 2 inches. At a flowrate of 500 seem, the total 

response time of the mass spectrometer is less than one-tenth of a second. 

The direct injection system has three important functions: 

- Distribution of challenge and purge gas to the OUT in a well-defined, rapid, and 
controlled manner. 
- Accurate preparation of calibration gas mixtures to the APIMS. 
- Introduction of various challenge gases including radio labeled tracer gases, 
moisture and select organics. 

To accomplish these objectives the direct injection system was designed with the 

following features: 

Use of7 Ra EPSS tubing 
TIG welded microfi(® tees and elbows 
Cajon VCR® fittings with stainless steel and nickel gaskets 
All metal MFCs (MKS models 1459C and M201) 
No dead volumes 
Minimum purge volume when changing from challenge gas to purge gas 

EPSS tubing is one of the more inert gas distribution materials with good particle 

shedding characteristics and low surface roughness. It is also readily welded and is 

compatible with ultrahigh purity face-seal fittings (VCR®) and microfit® fittings. 

Diaphragm-type all metal mass flow controllers utilize a thin metallic sheet that flexes to 

seat the valve. These mass tlow controllers are superior to all others in terms of particle 

shedding, ambient impurity intrusion, and dead volume outgassing. 

Most critical to the direct injection system is its design. The mass flow 

controllers are arranged so that there are no places where stagnant gas can collect (dead 

volumes). Furthermore, the tubing legs are arranged such that a sharp step can be 

achieved at the reactor inlet when changing from the challenge gas to the zero grade 
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nitrogen purge gas. This is accomplished by minimizing the distance between the cross 

in Figure 2.5 and the reactor inlet. Additionally. the D20 and the H20/02 vents are 

required to rapidly stop the flow of challenge gases into the reactor by reversing the flows 

through legs A and B. 

The direct injection system also allows calibration gases to be prepared and 

metered to the API source. This is a second means for calibrating the APIMS. in addition 

to the calibration features of the gas processor. The impurities that may be calibrated in 

this manner include water (m/e = 18). fully deuterated water (m/e = 20). oxygen (m/e = 

32). and isopropyl alcohol (m/e = 45). Mixtures of water. heavy water and oxygen in 

nitrogen ar~ prepared via permeation devices. These units. manufactured by G-Cal. 

allow a well-defined amount of moisture to ·leak· into a gaseous stream. This controlled 

leak is based on the knovm permeation rate of moisture and oxygen through polymers at 

a given temperature. Since the mass flux from the permeation tube is consistent and 

knov.n for a given temperature. along with knowledge of the nitrogen flo'I.NTate over the 

device. the gas phase concentration of impurity can be determined. Isopropyl alcohol 

standards are prepared by blending a certified {usually by GC methods) cylinder 

containing 1-100 ppm of IPA in nitrvgen with zero grade N2. The cylinder contents can 

be diluted accurately at a ratio of I :2000. These calibration mixtures also serve as 

·challenge gases' (a defined gaseous exposure of impurities) to the device under test. 

The DIS is not limited to these impurities. as the IPA cylinder can be easily switched to 

other cylinders containing compounds of interest. 



2.4 APIMS CALIBRATION 

The APIMS measures ion counts per second. Only with calibration can this 

abstraction be translated into a meaningful quantity such as concentration (ppbv or pptv ). 

By controlling the amount of standard gas flowing into the zero gas_ at points X and Y 

(Figure 2.5), varying concentration calibration gases can be sent to the source. 

Figures 2.7, and 2.8 show typical calibration curves for moisture and oxygen 

obtained on the VG Trace+ APIMS in N2 carrier gas. Similar calibrations also exist for 

isopropyl alcohol, methane, carbon dioxide, and carbon monoxide species. 

It is apparent that the APIMS response to the presence of added impurities is 

highly linear over the calibration range for these species. At higher concentrations 

(above approx. 25 ppb) and very low concentrations (below approx. 200 ppt), the counts 

tend to flatten. This phenomenon will be discussed in the next section. When a linear 

regression is performed on the data, the slope of the line gives the sensitivity of the 

APIMS to various species in cps/ppb. 

54 

Although they-intercept of these curves is small, it is however, finite. This is 

evidence that the zero gas does indeed contain small amounts of impurities. Sources of 

these impurities include; the gas itself (impurities not removed by purification), the gas 

distribution system (outgassing of components and tubing), outgassing of the source 

chamber, and the leaks intrinsic to the APIMS vacuum system [37]. The integrated effect 

of these sources is the impurity system background, which is directly related to 

instruments LOD or limit of detection. 
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2.4.1 LIMIT OF DETECTION AND MINIMUM DETECT ABILITY 

The concepts of an instrument's limit of detection (LOD) and minimum 

detectability are closely linked, yet, fundamentally different. The LOD of an instrument 

is most generally defined as the concentration of analyte that gives !l signal, x, that is 

statistically different, than the background or blank signal, x8 . The phrase "statistically 

different" is currently defined by the following guideline [3 8, p. 15]: 

x- xs= 3 ss 
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where s8 is the standard deviation of the blank signal. In other words, the difference is 

significant when the measured analyte concentration is three times the standard deviation 

higher than the instrument background. The LOD is a composite of all of the various 

facets of the analytical procedure i.e. sample dilution, sample introduction, instrument 

calibration and sample measurement. Minimum detectability (MD), only concerns 

sample detection, and is indicative of how the instrument responds to a small change in 

analyte concentration, relative to its variation due to noise. Formally, it is defined as the 

smallest change in the analyte concentration that gives an instrument (detector) response 

that is statistically significant from the instrument noise [38, p. 16]. The MD, since it 

concerns only analyte detection, represents the performance limitation of the instrument 

and the lowest LOD. 



LOD and MD values have been assembled for the VG Trace+ APIMS (these 

represent the best values obtained) with nitrogen as a carrier gas [9, p. 74]. 
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The MD listed above has been taken as three times the standard deviation of the 

instrument for the given impurity. The detection limits for the various analytes are taken 

as they-intercepts of the calibration curves. The non-zero values of they-intercepts are 

indicative of the inherent contamination of the zero gas, the sources of which were 

discussed earlier. 

In summary, Table 2.3 suggests that while we cannot accurately measure impurity 

levels below the LOD on the APIMS, we may be confident in detecting changes in the 

analyte concentration on the order of the MD ( less than 1 pptv ). 

2.4.2 CONCERNS IN APIMS ANALYSIS 

While many of the critical issues regarding APIMS calibration and sampling have 

already been alluded to, three categories bare more detailed analysis: preparation of 

accurate standards, non-linearities in calibration, multiple component effects. 



2.4.2.A ACCURATE STANDARDS 

Under the category of preparing accurate standards, we must examine the four 

components; certified gas mixture, permeation sources, zero gas, and gas blending. 

(i) Standard Gas 
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The concentration of the impurities in the certified nitrogen cylinder must be 

accurately known. Gas companies typically add impurities to the matrix gas (in this case 

N2) to bring their levels to the order of 10 ppm. In this concentration range, techniques 

like gas chromatography can accurately certify the cylinder contents. The matrix gas 

must be very pure prior to blending of the analytes into the standard, so rogue impurities 

(secondary impurities) are not present. These secondary impurities could adversely affect 

instrument calibration. Undesirable impurity levels should be at least one order of 

magnitude lower ( < 1 ppm), but preferably in the ppb range. Any uncertainty in the 

concentration of analytes in the standard gas cylinder will lead to uncertainty in the 

resultant APIMS standards. 

(ii) Permeation Sources 

Moisture impurity is calibrated based on the predictable and consistent outgassing 

of moisture through a permeable membrane for a given temperature. The manufacturers 

of these devices guarantee a stable and known outgassing rate for a period of one year. 

After this date, the device should be replaced. Additionally, the temperature of the 

device must be tightly controlled, a variation of± 5 °C can result in a 1 Oo/o variation in 



the permeation rate. and hence moisture level. PID temperature controllers. cartridge 

heaters. machined aluminum blocks, and type-K thermocouples (Omega Corp.) are the 

components used to maintain the permeation devices temperature to within 0.5 °C of the 

required setpoint. 

(iii) Zero gas 

The purity of the zero gas is crucial to the entire calibration/analysis sequence. 

This gas is used as the diluent for the certified gas mixture. permeation sources and gas 

sample. A purer zero gas leads to lower LODs and increases the concentration range of 

samples that may be analyzed. The consistency of the zero gas is also critical. This 

ensures that changes in the sample concentration are due to primary effects 

(experimental} and not secondary etTects (sampling and analysis). 

(iv) Gas Mixing System 

A reliable and accurate gas mixing system is integral to preparing the various 

APIMS standards and diluting sample streams. To produce precise gas mixtures in the 

ppt range. requires highly accurate and stable mass t1ow controllers. Due to the high 

dilution ratios required ( 10 ppm to sub-ppb ). an array of different sized MFCs were 

utilized, from 1 seem to 5 slpm full scale. These mass t1ow controllers are accurate to 

within 2% of there maximum ratings. with response times on the order of< 2 seconds. 

The gas mixing system must also not contribute to the impurity concentration. therefore. 

all metal mass t1ow controllers having small internal volumes were chosen. 

59 
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2.4.2.B NON-LINEARTIES IN APIMS RESPONSE 

As mentioned previously, the APIMS response curve tends to flatten out at high 

and very low concentrations. At higher concentrations this effect is caused by the 

saturation of the primary ions within the plasma by impurity ions. !f there are too many 

impurity ions, the primary nitrogen ions are depleted, and the mechanism of charge 

transfer from these ions to the impurity ions is less efficient. Therefore, many of the 

impurity ions fail to ionize and the response of the APIMS (cps) is invariant with further 

increases in impurity concentration. At low concentrations, the APIMS response will 

level off at the background of the instrument. This is the primary reason for the non-

linearity in this region. Due to these phenomena, the APIMS calibration will incur errors 

in the two extremes of the concentration regime. Between these two regions, the 

calibration is highly linear and accurate. 
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An example of the non-linearity in the low concentration range is shown in Figure 

2. 9 for moisture. This plot expands the low concentration range of Figure 2. 7. The linear 

regression obtained using all of the data in Figure 2. 7 is shown on Figure 2. 9. Over most 

of the low concentration range. the regression line will over-predict the instrument 

response. If the line is extrapolated to zero moisture added. the counts will be under

predicted and the LOD is incorrectly assumed to be much lower than it is. Siefering et. 

al. [39] have proposed a three parameter non-linear model to describe APIMS calibration 

data that is based upon chemical reactions. While this model accounts for the non

linearities described above. it is system dependent (i.e. source conditions and 

configurations differ between various APIMS) and necessitates the need for more 

calibration points. 

2.4.2.C MULTI-COMPONENT SOURCE INTERACTIONS 

(i) Indirect Interactions: 

When an impurity Vtith a low ionization potential (relative to the other impurities 

present) exists in large concentrations in the source. it will be preferentially ionized 

througt charge transfer mechanisms with the primary ions. The drop in the concentration 

of primary ions will lead to a decrease in the chemical ionization rate of the other 

impurities. The result is a falsely low signal for these contaminants (40]. 

(ii) Secondary Ion Effects: 

Fragmented and cluster ion species are often formed in the plasma as a result of 

impurity-primary ion collisions. These species often mask the presence of other analytes 
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of interest that have the same m/e ratio. An example of this effect is the ionization of 

H20 in N2 carrier gas. Moisture can ionize to form 0+ and N20+, and cluster with 

nitrogen to form NH20+. These species will contribute to the signals at m/e = 16, 32 and 

44. Therefore, the detection of CH4, 0 2 and C02 could be comproJ:!lised. Careful tuning 

of the source, focusing plate, and lens voltages can alleviate much of this problem. 

(iii) Impurity-Impurity Interactions: 

When impurity levels are elevated, there is a larger probability that two impurity 

molecules will collide inside the source. This can be a significant source of error in the 

calibration for either impurity. Due to its reactive nature, moisture is often the likeliest 

culprit. The reaction of impurities with moisture can result in overlapping masses at 

typically examined m/e ratios, the absence of peaks at such m/e, or the creation of 

unexpected peaks. The first two interfere with quantitative APIMS analysis, while the 

latter complicates the qualitative description of mass spectra. 

Again, with the proper optimization of source, lens and focusing voltages, the 

impact of these impurity-impurity interactions can be lessened [ 41]. 
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CHAPTERJ 

MODELING OF IMPURITY ADSORPTION/DESORPTION IN UHP SYSTEMS 

3.1 INTRODUCTION 

Adsorption/desorption is many times. itself, an obstacle to the study of outgassing 

in ultrahigh purity systems [9, p. 171]. When attempting to measure the outgassing of 

impurities at very low concentrations the dynamics of adsorption/desorption within the 

instrument can dampen the instrument response. In addition. the desorption or adsorption 

of impurities between the metrology point of interest and the metrology location itself 

can cause the instrument to register a ··false·· concentration. These considerations alone 

are enough to warrant the study of such a phenomenon. Unfortunately. ultrahigh purity 

systems suffer additional complications besides metrology concerns due to this effect. 

The problem of impurity adsorption. and subsequent desorption. \'.lithin ultrahigh 

purity systems has already been mentioned in the introduction of this work. Integrated 

circuit manufacturers go to great lengths (and expense) to purify process gases and 

transport them. without compromise, from their source to the point of use. Outgassing of 

gas distribution components (upon initial start-up. between process batches and 

disturbances. or after cylinder changes) into the puritied process gas can circumvent the 

cost and care of such an elaborate procedure. Gas distribution components include 

tubing. filters. mass-flow controllers. valves. and fittings. In a greater sense. the wafer 

processing tool (reactor). wafer carriers and even wafers. must be considered as part of 
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the ·•gas distribution system·· that is available to cause contamination through the process 

of outgassing. 

The motivation behind the purification of process gases is well founded. Chip 

manufacturers have seen dramatic improvements in yield and integration over the past 

decades. much of the success being attributed to purer process fluids (43.44]. 

Unfortunately. as gas companies and gas purifier manufacturers work in concert to 

prepare a purer source gas, maintaining the fluid purity from the source to the point-of

use is increasingly critical. For example. moisture contamination in the gas distribution 

system can react with silane to form particle contaminants. In the presence of reactive 

gases. such as HBr and HCl. water can lead to equipment corrosion and more particulate 

..:ontamination in various processes. Impurities can also react \.\lithin the process 

equipment itself with various process gases and with the wafer surface. Some examples 

of this were outlined in Chapter l. 

In response to the problems caused by trace level. homogeneous contaminants. 

accurate models describing their outgassing (adsorption followed by desorption) from 

semiconductor related surfaces, such as gas tubing. cylinders, particle filters and reactor 

surfaces. have been pursued vigorously over the past decade [9.13.14.20.42]. These 

models are necessary in order to make predictions on the state of purity of a system after 

an impurity exposure. Simulations are often preferred. because it is not always 

physically possible to locate an impurity sensor at the point of interest and the 

concentration of the impurity may be too low or high to accurately measure. Even if 

these were not issues. outgassing models can be used to gain valuable insight and save 



time. These models can be utilized to optimize process variables to accelerate system 

drydown. Adsorption/desorption models are also necessary to describe the fate of an 

impurity in a reactive system. such as a gate oxidation or annealing process. 
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This chapter will give a brief review of the literature pertaining to the theory of 

adsorption/desorption modeling. Special focus will be given to more recent efforts to 

model the outgassing of impurities. primarily moisture. in the inert gas. ultrahigh purity 

regime. Various models will be detailed. ""ith specific examination of model strengths 

and weaknesses. It will be shown that many models are self-inconsistent, inconsisten. 

with others and also \\lith experimental data under certain conditions. Chapter four will 

examine the theories of how moisture impurity is believed to interact with metal anci 

metalloid oxide surfaces including the chemical. kinetic, and the energetic aspects of this 

interaction. It will be obvious that there is much dissension among the scientific 

community on what the true nature of the interactions are and how to quantitatively and 

unambiguously determine them. Chapters five and eight will explore the development of 

a multilayer model for moisture adsorption on metal/metalloid oxide surfaces which 

includes postulated and known chemical and physical interactions between the adsorbate 

and adsorbent. as well as an oxidative pathway at high temperatures. Chapter nine will 

examine an application of the model. exploring the effect of residual moisture 

contamination (moisture held-over from a previous process step) on the growth of an 

ultra-thin gate oxide in vertical thermal reactors and rapid thermal processing tools. 



3.2 ORIGINS OF OUTGASSING MODELING IN UHP SYSTEMS 

As the semiconductor industry began to place more stringent purity requirements 

on the process fluids they utilized. the problem of impurity adsorption/desorption began 

to receive attention. At the same time. improvements in metrology were taking place. 

allowing for a more accurate description of the process. Some of the first examinations 

of this phenomenon were undertaken by Flaherty [ 45] and later Hardwick [ 46]. 
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Many of the adsorption/desorption kinetic models proposed for ultrapure systems 

have originated from researchers studying the outgassing of vacuum systems. These 

studies have examined the outgassing of metal filaments and chambers under vacuum 

conditions [ 4 7. 48. 49. 50. 51]. An excellent review of outgassing models for common 

surfaces under vacuum conditions is given by O'Hanlon [52]. 

Under vacuum conditions. however. the adsorption/desorption process is quite 

different than in positive-pressure. gas-flow systems. Factors such as convection. 

dispersion. and most importantly. impurity re-adsorption. do not play significant roles. 

Under molecular flow conditions. the mean free path of the desorbing molecules is 

usually long enough to prevent significant readsorption onto the surface. In gas flow 

systems. which operate in the viscous flow regime. an accurate outgassing model must 

consider adsorption kinetics in its analysis. The surface kinetics must then be coupled 

with an encompassing description of the gas phase fluid mechanics. including convection 

and dispersion. 

Many studies focusing on the problem of impurity adsorption/desorption in 

ultrahigh purity, positive pressure systems have been conducted in the past decade. 



66 

Initially. the studies were purely experimental [53. 54. 55], presenting desorption curves 

(or ··dry-down·· curves) for various impurities on different surfaces. These surfaces were 

various types of electropolished stainless steel tubing and some gas distribution 

components such as filters and mass flow controllers. Researchers also examined how 

surface finishes, passivation techniques. cleaning solutions. and mechanical stressing 

influenced the drydown behavior [9. p. 173]. The dry-down curves essentially show the 

change in gas phase impurity concentration at the outlet of the test piece as a function of 

drying time. Interestingly. when plotted on a log-log scale. the resulting dry-down curve 

is linear after a few residence times have pas~ed. 

While these experiments were qualitatively useful. very little universal 

information was extracted. The results were in essence. system specific. Only if an 

identical piece oftubing (diameter. length. composition. and surface treatment) was 

exposed in the same manner (exposure level. temperature and time) and cleaned under 

identical conditions (gas quality. and flowrate ). could any knowledge be gained. \Vhat 

these studies did. was point out a problem that needed further attention and study. 

The next logical step in defining the adsorption/desorption phenomenon was to 

analyze the experimental outgassing data with theoretical models. These models would 

allow the extraction of fundamental kinetic data. such as the adsorption and desorption 

rate constants for impurities on various surfaces. In addition. these models were used to 

perform parametric and case studies on how to accelerate gas distribution system 

drydown and enhance the designs. 
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3.3 REVIEW OF ADSORPTION/DESORPTION KINETIC MODELS 

All outgassing models require two components, a surface impurity balance and a 

gas phase impurity balance. Of the two components constituting the overall model, the 

surface impurity balance, i.e. adsorption/desorption kinetic equations, is what makes the 

proposed model unique. Most researchers utilize the same impurity conservation 

equations for analogous reactor geometries. Therefore, the gas phase conservation 

equations will not be discussed in this section. Instead, the development of the surface 

impurity kinetics will be highlighted. 

Haider and Shadman [9, 56, 57] were the first to propose a simple outgassing 

model for moisture in UHP flow systems and extract the kinetic parameters. The model 

was applied to electropolished stainless steel tubing surfaces and alumina filters. They 

assumed first order adsorption and desorption kinetics with an Arrhenius temperature 

dependence for the rate constants. The adsorption rate was activated, but independent of 

surface coverage, i.e. the surface was energetically uniform to an incoming moisture 

molecule. It also implicitly assumed that water molecules adsorbed non-dissociatively. 

The desorption rate was first order in surface concentration, with a desorption rate 

constant that was an average of two distinct rate constants weighted with the fractional 

surface coverage, 8, of impurity. One rate constant had a high activation energy, to 

depict molecules near the surface, and the other, a low activation energy for those 

molecules residing in upper layers. The former was significant at low 8, and the latter as 

8 approached one. The fractional surface coverage was defined as the surface impurity 

0 

coverage at timet divided by the value at time zero, Cs . 
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This model was an excellent first attempt at describing a complex problem and 

did well in predicting the dry down of components exposed to low impurity challenges. 

The problem central to this model, and others to follow, was the definition of 8. In this 

0 

case, 8 was scaled on Cs . This leads to conceptual problems at higher impurity 

exposures. Let it be supposed that a surface is exposed to two different concentration 

impurity challenges, one giving an initial coverage of 1.0 x 1016 molecules/cm2 and the 

other giving an initial coverage of 1.0 x 1014 molecules/cm2
• At time zero, the kinetics 

would predict that kd = kd
1
, the low activation energy desorption rate constant, for both 

surface loadings. The question is, how can both surfaces, one with over 10 mono layers 

the other with .1 monolayers, be experiencing the same energetics of desorption? The 

fundamental problem was that this kinetic model was not based on first principles and 

could not hope to describe outgassing over wide concentration ranges. 

The next improvement in modeling the outgassing of moisture on surfaces was 

made by Verma et. al. [20]. In this multilayer model, the fractional surface coverage is 

defined as the total surface concentration of moisture scaled by the coverage of one 

monolayer, assumed to be 1 x10 15 molecules/cm2 surface. The adsorption rate is first 

order in gas phase moisture concentration, as in Haider's approach, the rate was taken to 

be independent of surface coverage and assumed an Arrhenius temperature dependence. 

The desorption rate constant, however, was assumed to vary with surface coverage. 

Instead of a dual energy level model, a continuous, linear variation in activation energy 

was assumed with surface coverage. This is relationship is commonly known as 
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Elovich's equation. In mathematical terms, the desorption activation energy is expressed 

as: 

(3.1) 

Therefore, as the surface loading increases, the activation energy of desorption decreases. 

This is in accordance with observed changes in outgassing rates, and the physics of the 

problem. At high coverages, water molecules are easily removed, whereas at low surface 

coverages, the molecules that are desorbing will feel the effect of the surface and be more 

tightly bound. 

Verma's model is essentially an empirical approach, yet is seems to perform well 

over a much wider concentration range. The primary faults of this model are that it does 

not consider known chemical interactions that occur between moisture and the oxide 

surface. Additionally, it is should not be possible for the desorption activation energy to 

become negative, or even zero for that matter, which it could for very high surface 

coverages. This is because all of the surface moisture is grouped together into one 

population, 8. This shortcoming will affect predictions at very high challenge 

concentrations and/or pressures, especially when the parameters are fit in the low gaseous 

concentration region. 

Siefering et. al. [13] developed a model for moisture adsorption/desorption on 

electropolished stainless steel tubing that incorporated a dissociative adsorption pathway 

for moisture, instead of a molecular one. The authors based this assumption on the well-
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documented chemistry of moisture dissociation on clean transition metal surfaces such as 

Cr, Mn, Fe, and Ni, of which EPSS is composed. Indeed, the authors state that "all 

significant adsorption (of moisture) on most metal surfaces at room temperature is in 

dissociated states". 

Their model assumed a first order adsorption rate in gas phase concentration and 

first order in the fraction of vacant surface sites. This assumption limits the surface 

coverage of moisture on stainless steel to a maximum of one monolayer, therefore it is 

not a multilayer model. Existing in the first (and only) layer of the surface at any time 

are both molecular and dissociated water. 

Only non-dissociated (molecular) water can desorb in Siefering et. al. 's model. 

Molecular water can accumulate through desorption, dissociation to form surface 

hydroxyl groups, or by recombination of surface hydroxyl groups. Once bound as 

surface hydroxyl groups, the model utilizes a distributed energy state assumption. In 

short, this asserts that the polycrystalline surface has a distribution of sites of differing 

energies. This leads to differences in the bond strengths of the dissociated moisture and 

the surface. This feature is couched in the recombination rate by imposing a relationship 

between krec (recombination rate constant) and E>oH (fractional surface coverage of 

hydroxyl groups). Various energy distributions were utilized, but the Tempkin isotherm 

gave a good fit to the experimental outgassing curves. The Tempkin isotherm assumes a 

linear variation in activation energy with E>oH· This was the energy distribution utilized 

in the model by Verma. The conclusion was that a distributed energy model must be 

utilized to achieve an acceptable fit. 
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The model by Siefering et. al. was a major advance in that it included a dissociative 

pathway for moisture adsorption on stainless steel. The central shortcoming was, again, 

the definition of 8. Restricting the adsorbed moisture to one layer is unrealistic. This 

results in a predicted moisture loading, the area under the concentration vs. time curve, 

that does not vary with the initial moisture exposure level. Once a monolayer is reached, 

there will be no increase in surface loading, regardless of the challenge level. 

Coronell et. al. [ 14] built upon the model that Siefering et. al. had already 

developed. Coronell et. al. did not, however, restrict the adsorption capacity to one 

monolayer. The rate equations are essentially identical to that of Siefering except the 

i 
model has a fractional surface coverage, 8 , associated with each layer of moisture, i. 

This is because water may adsorb, through hydrogen bonding, to other water molecules 

present in any layer on the surface. Subsequently, the water in these layers can also 

i . 
desorb. This leads to a desorption rate, R des, for each fractional surface coverage 8 1. 

This model tracked the experimental data over a much larger range, from .2 ppb 

of moisture to 85 ppm, a large improvement. The model was a strong contribution, but 

again, has several fundamental problems. First, the desorption of molecular water from 

the surface has essentially the same activation energy as water from any layer, no matter 

how far removed from the surface. This is at odds with surface-molecular interaction 

theory, where the energy of interaction decays with distance from the surface. Second, 

the adsorption rate constant was assumed to be the same for every layer, including the 

bare surface. The energetics of adsorption onto bare sites, surface polarized hydroxyl 

groups, and molecular water should be dissimilar. 



To summarize. all of the models discussed above suffer from some deficiency. 

The first few models for moisture adsorption on metal oxide surfaces. such as EPSS. are 

highly empirical in nature. They also suffer from how the surface coverage is defined . 

.md the range of energetics that are assumed. These early attempts also did not truly 

incorporate the known chemical interactions of moisture with the oxide surface. namely 

the dissociative chemisorption of water as surface hydroxyl groups. The later models. 

that included dissociative chemisorption. either failed to account for multilayer 

adsorption or did not consider the range in activation energies that must be present in 

multilayer adsorption. 
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What is needed is a clearer understanding of how moisture interacts with metal 

oxide surfaces and metalloid oxide surfaces. such as the silicon oxide surface. The 

chemical interactions that occur between water and these surfaces is still an intense area 

of research. In addition. the development of an accurate and fundamental outgassing 

model for moisture on these surfaces is crucial. The model must be based on the physical 

and chemical interactions that occur. not on empiricism. It should also be able to 

discriminate between different "types'' of water; surface. near surface. and loosely bound. 

Only then can the model be applied to meaningful case studies, such as the fate of 

moisture impurity in gate oxidation and annealing studies. In such studies. it is important 

to monitor the different moisture '"types". For example. only moisture in the first layer 

can permeate through the oxide film and react with the underlying silicon. Therefore. 

one must be able to track not only how much water is sorbed, but the population 

distribution as well. 



CHAPTER4 

CHEMICAL INTERACTIONS BETWEEN MOISTURE 
AND METAL OXIDE/SILICON OXIDE SURFACES 

4.1 INTRODUCTION 
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The adsorption/desorption of water on transition metal oxides [58, 59] and silicon 

oxide [ 60-72] has been studied extensively. Yet, many fundamental questions remain 

unanswered, or the answers are not well accepted or even controversial. The questions 

that remain regarding the nature of the interaction between water and these surfaces are 

listed below; 

1. Can multilayers form? 
2. Are all the layers energetically uniform? 
3. Is the first layer of H20 molecular or dissociated? 
4. If the first layer is dissociated, what is the surface density of hydroxyl groups? 
5. Are there different hydroxyl types (vicinal, geminal, bulk)? 
6. What is the loading for a given exposure? 
7. What are the rates of adsorption/desorption for the various "types" of water? 
8. What is the effect of temperature, i.e. to remove physisorbed or chemisorbed 

moisture? 

Some of the above questions have been more skillfully addressed than others. In 

attempting to answer these questions, researchers have utilized many different analytical 

techniques, samples, and procedures. It is these differences that lead to conflicting results 

and different conclusions regarding the moisture-oxide interaction, and the questions 

outlined above. 

Many experimental techniques have been used specifically to measure amounts of 

water on the surface for a given exposure (isotherms), while others have been used to 

analyze outgassing kinetics as well. Unfortunately, many of the instruments are limited 
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to slow processes or high concentration ranges, including liquid samples. Other 

instruments can only be used at low concentrations or under vacuum conditions. Some of 

the metrology utilized include; LITD-MS (laser induced thermal desorption-mass 

spectrometry), gravimetric, manometry, immersion calorimetry, ellipsometry, CP /MAS 

NMR (cross-polarization and magic angle spin nuclear magnetic resonance), TFTIR 

(transmission Fourier transform infrared spectroscopy), X-ray PES (photoelectron 

spectroscopy), HREELS (high resolution electron energy loss spectroscopy), STM 

(scanning tunneling microscopy), AES (auger electron spectroscopy), ElMS and APIMS. 

Comparing results derived from these techniques is not always straightforward, and many 

times they directly contradict one another. 

The metal/silicon oxide sample is itself the source of many of the inconsistencies 

in the reported data. The study of outgassing on EPSS is complicated by the alloy 

composition, passivation treatments employed, surface roughness, and surface cleans. 

Adsorption/desorption on the silicon oxide surface can be influenced by sample porosity, 

any chemical, mechanical or thermal treatments, surface curvature, strain, and defect 

density. Many conclusions have been drawn from measurements on porous silica 

samples, aerogels, and powders. Analysis of data obtained on these samples is 

complicated by transport effects and by the difficulty of distinguishing between capillary 

condensation in the micropores and multilayer adsorption. 

While experimental procedures vary with the analytical technique, there are some 

points common to all where differences can arise. Some experiments [ 60, 61] were run at 

very low temperatures and challenge concentrations (.01 pptv), far different from the 
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room conditions to which a process wafer would be exposed. Some experimenters did 

not wait until equilibrium was established between the water vapor in the gas phase and 

that on the surface. This leads to an under-prediction of the amount of water the surface 

can hold. Another problem is improper baking of the samples. If the samples are not 

heated to a high enough temperature, much surface water will remain, and again the 

surface loadings will be too low. Lastly, if the surface is not properly pre-baked, to 

remove surface moieties, both the adsorption/desorption rates and loadings could differ 

from experimental data where these have been desorbed prior to challenging. 

4.2 OBSERVATIONS ON H20/EPSS INTERACTIONS 

The electropolished stainless steel tubing utilized in gas distribution systems in 

the semiconductor industry is typically composed of 316L stainless steel. The atomic 

composition of 316L stainless steel is shown in Table 4.1. 

Table 4.1: Composition of 316L Stainless 
Steel [73] 

Element Composition % 
c .030 

Mn 2.0 
p .045 

s .030 

Si 1.00 

Cr 16.0-18.0 

Ni 10.0-14.0 

Mo 2.00-3.00 

Fe Balance 

Electropolishing is the process by which metals are caused to dissolve as they act 

0 

as anodes. Objects are immersed in an electrolyte bath, kept between 110 and 250 F, 
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while a direct current (50-200 A/ft2• 6-25 V) is passed through them for approximately 15 

minutes [74]. Peaks on the surface dissolve at a higher rate. because the ek..:trical 

resistance is at a minimum there. The result is a smooth surface. with a brilliant finish. 

4.2.1 OBSERVATIONS ON THE FIRST LAYER OF ADSORBED MOISTURE 

On the microscale. 3 l6L EPSS is covered by a chromium enriched 

microcrystalline oxide. The EPSS surface is often passivated to increase the corrosion 

resistance of the oxide. This translates into increased oxygen content at the surface of the 

oxide. All of the major constituents. Fe. Cr. and Ni are kno~n to form oxides that are 

capable of dissociatively chemisorbing water as surface hydroxyl groups (58]. The 

reactivity toward moisture dissociation is also known to increase for these oxides when 

they are not annealed (i.e. surfaces with high defect densities), formed at lower 

temperatures. irregular. or contain non-lattice oxygen (58]. 

Iron oxide. the major component of the EPSS surface. will readily decompose 

water in the first layer (the surface. i.e. M-0-M atoms) to form adsorbed hydroxyl groups 

above 225 K [p. 349. 58]. Chromium oxide behaves similarly to Fe203. The literature on 

NiO is more mixed. Three out of five sources indicate that a NiO surface is almost inert 

to hydroxylation at room temperature. whereas the other two sources claim that it occurs 

readily. What seems to dictate the extent of hydroxylation ofNiO is the presence of 

lattice defects and non-lattice oxygen. In light of the scientific evidence. the assur•~puon 

that the 316L EPSS surface will dissociatively chemisorb water to form a layer ofM-OH 

groups is well founded. 



What is in dispute, is the number of surface hydroxyl groups that can be 

supported by the various, unmixed oxides that compose EPSS. The number density of 

these groups will vary with the condition of the oxide, including defect density, 

roughness, impurities etc. For iron oxide (a-Fe203), the maximumnumber of hydroxyl 

groups, one for each metal atom, is predicted to be 9.0 X 1014 /cm2 by Morimoto et. al. 

[59, p. 248]. With a chromium enriched surface oxide, the number density of M-OH 

groups would be expected to be on the order of 5.0 X 1014
, the hydroxyl density of pure 

chromium (III) oxide [75]. 

4.2.2 OBSERVATIONS ON MULTIPLE LAYERS 
OF ADSORBED MOISTURE 

Many researchers have found the oxides that comprise EPSS to adsorb multiple 

"mono layers" of moisture at room temperatures and at exposures far removed from the 

saturation pressure of moisture [9, 13, 14, 59, 72]. This additional moisture does not 
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reside in the first layer, but is physically adsorbed in those layers existing above the first. 

While the amounts of physisorbed water for a given exposure may differ from study to 

study, the fact that physisorption occurs upon the hydroxylated layer is agreed upon. The 

physisorption is thought to be facilitated through hydrogen bonding with surface M-OH 

groups [72, p. 350]. Indeed, it has been documented by Kittaka et. al. that moisture 

cannot adsorb on Cr203 until the surface has been hydroxylated [75]. 

The number of physisorbed water molecules that each surface hydroxyl group can 

support is also in contention. Morimoto et. al. calculate the area of a physically adsorbed 

water molecule to be 10.8 A2. This leads to a geometric limitation of9.2 H20 
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molecules/cm2 of oxide in the first physisorbed layer. For a-Fe203, they determined that 

only half of this value was realized during their adsorption/desorption experiments. 

Based upon this 2:1 ratio of chemisorbed water to physisorbed water, they endorsed an 

earlier model suggested by Hollabaugh [76], where it was proposed that two surface 

hydroxyl groups are required to adsorb a single molecule of H20 as shown Figure 4.1 (a). 

Thiel and Madey suggest that the physisorbed layer is held together by 2 or 3 hydrogen 

bonds to the first layer molecules [58, p. 267], whereas Brunauer et. al. [77] and 

Knozinger [78] assert that the 1:1 arrangement in Figure 4.1 (b) is just as likely. 

H H 
'o/ 

u······ ···u 
0 0 ii 
I I 

-Me Me-
'o/ 

I 
--0--

(a) (b) 

Figure 4.1: Proposed configurations for water hydrogen bonded to surface hydroxyls 

While the ratio of physisorbed water in the second layer to the silanol groups of 

the first layer is still undetermined, the fact that multilayer adsorption occurs through 

hydrogen bonding is well documented on the transition metal oxide surface. 
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4.3 OBSERVATIONS ON H20/SILICON OXIDE INTERACTIONS 

The interaction of moisture with the si!icon oxide surface is of critical importance 

to the semiconductor industry. Moisture is the most problematic of impurities due to its 

high reactivity with semiconductor process gases and ability to oxidize silicon. When the 

wafer surface is exposed to water, either through rinsing processes or ambient levels in 

the cleanroom. moisture will adsorb to the wafer surface. The extent of this adsorption. 

and the conditions required to effectively remove it from the surface in the process 

environment. are determined by the water-oxide chemical and energetic interactions. 

While silicon oxide has been studied in various forms, including quartz. silica gel. 

silica powders. porous silica_ and even colloidal silica. the most relevant surface to this 

research is the amorphous Si02 film of the single crystal Si wafer. This film could be 

native. thermally grown or CVD deposited. The important characteristics that the sample 

should have are planarity. low-defect density. and a known and low dopant concentration. 

While quartz and amorphous silica surfaces should behave quite similarly. the data from 

which conclusions are drawn regarding chemical and energetic interactions. are often 

misinterpreted due to sample porosity and surface curvature. 

4.3.1 OBSERVATIONS ON THE FIRST LAYER OF ADSORBED MOISTURE 

It is generally agreed upon that water dissociatively chemisorbs on bare silicon 

oxide (siloxane covered surface) surfaces in the following manner (60. 61. 65. 69. 70); 
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OH OH 

\ I 
Si-0-Si 

,/'/ \' 

Figure 4.2: Proposed surface reaction between siloxane bri_dge and water 

The siloxane bridges are broken by water to form vicinal (Figure 4.2) silanol 

groups. While the silicon oxide seems capable of interacting with molecular water, 

Young and Bursch [63] characterize this interaction as "weak" and unable to cause 

"monolayer adsorption" compared to the dissociative pathway. Therefore, at atmospheric 

levels the surface is "covered by hydroxyl groups" [58, p. 35]. 

The type and number of surface hydroxyl groups has been examined for many 

types of silica samples, mentioned in the introduction to this section. Of primary interest 

to this work, is the chemistry of a well-defined, planar, amorphous Si02 film grown on Si 

<100> either by CVD or thermal methods. The work done by Sneh [60, 61] is, therefore, 

of special interest due to his sample preparation and characterization. Their sample was 

prepared by growing a 5 J..Lm thick Si02 film on ann-type, phosphorous doped Si <1 00> 

wafer. The first micron was grown thermally using dry oxygen, while the remaining four 

microns by CVD of Si02. The film was cleaned with an 02/H2/H20 plasma resulting in a 

film displaying only Si and 0 AES features. It was then repeatedly hydroxylated and 

dehydroxylated using an H20 plasma (OH and H radicals) followed by annealing at 500 

°C. This method was proven by Sneh to remove surface defects such as dangling bonds, 



trihydroxy species, and strained siloxane rings that lead to OH coverages that are 

spuriously high. 

Using LITD and titration reactions with methanol, Sneh [60,61] calculated the 

surface hydroxyl concentration at 4.9 x 1014 ± .4 x 1 0 14cm·2. This value is in strong 

agreement with the generally accepted value determined by Iler of at 4.6 x 1014 ± .4 x 

1014 cm-2
• Of the surface hydroxyl groups, Sneh [60] asserts that 70% are vicinal, while 

the remaining 30% are geminal (Figure 4.3) or isolated hydroxyl groups. Sindorf [65] 

places the distribution at 85%/15%. Erkelens et. al. [70] suggest that of the 4.9 x 1014 

cm-2
, only 2.9 are surface silanol groups and the rest are internal to the oxide. 

OH OH 

\ I 
Si-0-Si 

_// \' 
(a) 

OH OH .. / .. ... 
Si _/" 
(b) 

Figure 4.3: Arrangements of surface hydroxyl groups (a) vicinal (b) geminal 

Since geminal, vicinal, or isolated silanol groups show different adsorption 
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reactivities toward molecular water (i.e. second layer physisorption), the number and type 

of these OH groups could affect the outgassing behavior of the wafer surface. 

The hydroxyl groups are tightly bound to the surface through silicon-oxygen 

bonds (L\Hbond = 370 kJ/mole). The dehydroxylation (reverse of Figure 4.2) of the surface 

is a highly energetic process. However, the literature values of the activation energy for 

the dehydration reaction, which releases water from the surface, are varied and seem 
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quite low. The activation energy has been reported from a low of 17.0 kJ/mole, by 

Dultsev [67], to the highest reported value of 68.2 kJ/mole by Young [63]. These 

numbers are low compared to Sneh et. al. [60] who report desorption activation energies 

for molecular water on surface silanol groups, i.e. a hydrogen bond_as opposed to a 

chemical bond, at 89.1 kJ/mole! 

Much of the evidence on how 'difficult' it is to dehydroxylate the surface is 

through the reported temperature necessary to 'initiate' the process, the so-called thermal 

stability of the hydroxyl group. Most of the research on the dehydroxylation of Si02 has 

been performed by chemists. These researchers tend to state that something 'starts' at a 

given temperature, i.e. desorption of chemisorbed water, when that is probably the 

temperature at which the rate becomes experimentally measurable. 

The vicinal hydroxyl groups of the silica surface are reportedly removed in the 

temperature range of 150- 600 °C, while the geminal and isolated hydroxyl groups 

require higher temperatures between 600 and 900 °C [61, p. 4639]. While 400 °C seems 

to be the consensus temperature to remove vicinal silanol groups, there is again a range in 

the reported literature as shown in Table 4.2. 

Table 4.2: Temperatures required to 
dehydroxylate vicinal SiOH groups 

Author Temperature (°C) 
Fripiat et. al. [71] 300-500 
Lange [72] 180 
Young et. al. [63] 180- 400 

Sindorf et. al. [65] 150- 500 

Naono et. al. [62] 400 
Gupta [68] et. al. 375 
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Both Fripiat and Lange suggest that at temperatures higher than 500 °C, diffusion of bulk 

oxide hydroxyl groups begins to dominate the moisture evolved from the surface silanol 

groups. Erkelens [70] noted the release of these internal hydroxyl groups in his 

experiments conducted at 800 °C. Some others have noted differences in the 

dehydroxylation of the surface at different temperatures. Young [63], Naono [62], and 

Sindorf [65] all suggest that siloxane sites dehydroxylated at temperatures> 400 °C will 

rehydroxylate at a much slower rate than those sites formed below 400 °C. Naono has 

even suggested that rehydroxylation is reversible below 400 °C and irreversible above it. 

While the observations on rate seem plausible, claims on irreversibility are suspect as 

many times these experiments were not allowed to equilibrate. 

These general observations were summarized by Sneh. He asserts that even at 

temperatures as high as 1100 °C, complete dehydroxylation will not occur. Sindorf 

supports this observation as well. Sneh asserts that vicinal hydroxyl groups (150- 600 

°C), due to their mutual hydrogen bonding, will be removed more easily than geminal and 

isolated surface hydroxyl groups (600- 900 °C). Although he does not explain, one can 

imagine that the formation of an oxygen double bonded to silicon is a negative driving 

force to geminal dehydroxylation. The observation that the surface is not dehydroxylated 

at 1100 °C is probably attributable to bulk OH groups that are diffusing to the surface and 

should not be confused with surface silanol derived moisture. For a surface hydroxyl 

coverage ~ 25% (geminal and isolated) Sneh notes that the average distance between 

hydroxyl groups is ~ 10 A. This separation would require significant surface diffusion 

of these groups in order to desorb and thus the high temperatures required. For highly 
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hydroxylated surfaces (vicinal coverage of70%}. vicinal groups are only 4.7 A apart and 

do not require rearrangement, this is one explaination for the lower reported 

temperatures. 

Once the surface has been dehydroxylated to create the siloxane surface. it can be 

rehydroxylated again. The rate and extent of rehydroxylation. however. are very 

contentious. Many studies agree that rehydroxylation with water vapor or solution is 

··very slow and unfavorable·· [ 61] and rates have been reported on the order of seconds 

with liquid water. to hours and days with water vapor. Many authors have described the 

siloxane surface as "inert'' [61. p. 4639] and even .. hydrophobic" [64, 65. 66, 67]. Young 

(63] states that the siloxane surface is ··readily rehydrated with bulk water. or at a slower 

rate with vapor when dehydrated at < 400 °C. above 800 °C it takes several days with 

high vapor pressures". Pashley [ 64] observed the rate to be .. very slow at room 

temperature. even with bulk water··. and Sindorf [65] agreed, stating that after a 900 °C 

anneal it can take several years to be rehydrated. At temperatures below 500 °C. 

however, Sindorf realized near complete rehydroxylation after 12 hours with liquid 

water. Dultsev [67] has even claimed that the adsorption of water onto the siloxane 

surface is endothermic, with an activation energy of adsorption higher than desorption. 

While it is possible that rehydroxylation is kinetically limited. it does not appear 

thermodynamically limited as is the case with a surface that is termed hydrophobic. This 

is the case even when dehydroxylated at temperatures above 800-900 °C. the surface 

will eventually rehydroxylate. Iler [79] proposes the following hypothesis for the low 

rehydroxylation rates. Siloxane sites are poor sites for the initial specific adsorption of 



water. Some adjacent surface hydroxyl groups are necessary to associate molecular 

water to the surface. For highly dehydroxylated surfaces, with a low coverage of SiOH 

groups, rehydration will be slow and will proceed via growth of patches of hydrates 

surface originating athe these hydrophillic (SiOH) sites. 

4.3.2 OBSERVATIONS ON THE UPPER LAYERS 
OF PHYSISORBED MOISTURE 
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After moisture has hydroxylated the siloxane surface. additional moisture adsorbs 

through hydrogen bonding to the silanol groups which act as .. primary sites for the 

physisorption of water" [62. p.74]. As the first layer of physically adsorbed water forms. 

additional water can physically adsorb through hydrogen bonding with this and 

subsequent layers. This scenario is documented by Lange [72], Sneh [60, 61 ], Ranke 

[69], Naono [62], and Young [63]. 

While the moisture that adsorbs directly to the surface hydroxyl groups is more 

strongly attached than the physically adsorbed water of the upper layers. this higher 

moisture is fairly well adsorbed. Sneh notes that even at 200 °C. some physisorbed water 

is retained on the silicon oxide surface [60. p. 73]. Young [63] and Lange [72] both 

assert that in order to remove physisorbed water. but not chemisorbed, one must anneal to 

at least 180 °C. Again. the question of why desorption from the first layer does not take 

place at all at this temperature arises. Lange segregates physisorbed moisture into t\'io 

'types' at 105 °C. Below this temperature, he claim~ that only water in layers three and 

above will be removed. In other words, the moisture that is directly hydrogen bonded to 

the surface hydroxyl groups requires more energy to remove than the higher layers. 



Sneh [60] asserts that the interaction between surface hydroxyl groups and the 

first layer of physisorbed molecular water (2nd layer overall) far exceeds a typical 

hydrogen bond strength. He calculates the activation energy of desorption at low 2nd 

layer coverages to be 83.7 kJ/mole. This number is higher than the _hydrogen bond 

strength between water and HF, which at 56 kJ/mole, is the strongest [60]. This may be 

due to the further polarization of the 0-H bond induced by the ionic surface. 
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The desorption of water from the "first" physisorbed layer was studied in detail 

by Sneh et. al. [60]. Sneh has denoted the interaction between the first layer of physically 

adsorbed water and the hydroxylated surface as "very strong". He further determined 

that the H20 desorption rate increases at higher surface coverages and that the activation 

energy of desorption for this layer decreases with coverage. The dependence of the 

desorption activation energy, in kcal/mole, on coverage is given by the following 

equation (for 8 less than .3 ML, ML = monolayers); 

Edes (0) = 21.3 -15.4 0 112 (4.1) 

Sneh tried to explain the decrease in observed activation energy with increased coverage 

in the following manner. The H20 bond to the SiOH is so strong that it polarizes the 

surface to from partial SiO- ·· · H30+ complexes. The interaction between these surface 

dipoles is repulsive, and thus at higher coverages and closer proximities the activation 

energy for desorption of these species should decrease. While this author agrees with the 



observations regarding the activation energy changes with coverage. an alternative 

explanation will be given in the next chapter. 
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Another question that remains regarding the interaction between physisorbed water in 

the 2"d layer and the hydroxylated silica surface is, as in the case of metal oxides. the 

ratio of physisorbed moisture to SiOH groups. Again. different arrangements have been 

proposed, the most common are shown in Figure 4.1. In a summary article by Naono 

[60. p. 74], Morimoto was cited as determining the ratio of surface hydroxyl groups to 

physisorbed water molecules at monolayer coverage to be l: l. while Kiselev found it to 

be closer to 1 :2. Therefore. both the arrangements in Figure 4.1 have been 

experimentally supported. 

Sneh et. al. [61] has given additional support that the ratio is 1:1. They found that 

··short chain aliphatic alcohols". i.e. methanoL were bonded to surface hydroxyl groups in 

a 1:1 ratio of alcohol to surface hydroxyl group. Since these alcohols form weaker 

hydrogen bonds to the SiOH than water would. it is hard to imagine the water would need 

two SiOH groups to ~.,ind it when the alcohol groups required only one. 

4.4 CONCLUSIONS 

Although many questions still remain regarding the interaction of moisture with the 

metal oxide and silicon oxide surfaces. some points are generally accepted; 1) moisture 

will dissociatively chemisorb to both surfaces to form a hydroxylated surface that has a 

high activation energy to dehydroxylate 2) even at conditions far removed from 

saturation. there are at least two (more if sub-energetic groups are included) types of 
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moisture present, chemisorbed and physisorbed 3) even at higher temperatures, > 200 °C, 

some molecular water is retained by the surface 4) the first layer ofphysisorbed water 

seems energetically different from the other physisorbed layers. Points that are still 

contested are; 1) the rates of rehydroxylation for these surfaces, mqst importantly Si02 

2) the ratio of first layer physisorbed moisture to surface hydroxyl groups 3) the true 

origin of water removed at very elevated temperatures i.e. vicinal, isolated, geminal or 

bulk. 

In Chapter six, a model for the adsorption and desorption of water on EPSS and Si02 

will be presented. The model will include the known interactions outlined above, such as 

multilayer adsorption, dissociative chemisorption, surface polarization of lower layers, 

and variable energetics of desorption based on surface coverage. Additionally, for silicon 

oxide, the model will include a high temperature pathway for moisture permeation 

through the oxide and subsequent oxidation of the underlying silicon. 



CHAPTERS 

APPROACH TO THE STUDY OF THE OUTGASSING OF 
MOISTURE FROM THE EPSS AND Si02 SURFACE 

5.1 INTRODUCTION 
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Conceptually, outgassing experiments appear quite straightforward using APIMS 

or ElMS. The surface of interest is annealed under a zero gas purge to remove as much 

moisture as possible, then equilibrated with a gas of known moisture concentration, then 

purged again with zero gas, then annealed once more. The entire time, the moisture 

concentration in the gas phase is being monitored at a location downstream to the surface. 

The reality of the situation is far different. First, depending on the analytical 

instrument used, there are difficulties in calibration. Second, the area of the surface of 

interest must be as large as possible to minimize downstream effects. Third, the system 

must be almost leak free. This is especially important when utilizing the APIMS. 

Fourth, the gas distribution system must be designed such that outgassing of components 

upstream of the surface is minimized and the concentration input to the surface must be 

sharp. 

Calibration of both the APIMS, and even ElMS, for water are difficult because 

gas manufacturers will not certify mixtures of moisture in N2. This is because moisture is 

often present in the cylinder itself and can outgass in a manner that makes it very difficult 

to accurately predict the both concentration of the cylinder at any time. The only reliable 

means of calibrating is through a moisture permeation device. These are not "off the 

shelf' items; they must be ordered, and to complicate maters, have a fairly short lifetime. 



These devices have a limited concentration range dictated by a mostly invariant 

permeation rate. If a higher concentration of moisture is desired, another permeation 

device must be manufactured. This limits the flexibility of the experimentalist. 
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The problem of packing a large amount of surface area into- a reactor design is 

another challenging problem. For EPSS, this problem was easily addressed. A long coil 

ofEPSS tubing, represented both the surface and the reactor (laminar flow reactor). It is 

easily fitted with UHP Cajun® VCR fittings to address the third issue. Devising a method 

to examine the silicon wafer surface is fraught with difficulties that will be addressed in 

greater detail in Section 5.5. Suffice it to say, silicon (and its oxide film) are not ductile 

materials and are not readily compatible with stainless steel weld fittings. Any kind of 

quartz/ glass seals are too leaky in the low concentration range of interest. 

The fourth problem is addressed by careful design of the gas distribution system, 

including component selection (see Chapter two). While it is impossible to eliminate 

upstream effects due to clearance considerations involving various fittings, these effects 

can be made negligible. The design of the gas distribution system for the reactor, 

otherwise known as the direct injection system, was optimized for desorption 

experiments, not adsorption experiments. This was dictated by the operation of the 

APIMS which is more accurate when measuring the differences between the sample gas 

and the system background, not between a sample and a gas that gives a strong signal. 

Therefore, the design is not very versatile. 
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5.2 EXPERIMENTAL OBJECTIVES 

The main objectives of the outgassing experiments were to; 

1) Obtain experimental data on the outgassing (adsorption/desorption) of 
moisture from the EPSS and the Si wafer surface under UHP, near atmosphere 
conditions 

2) Obtain outgassing data at higher concentrations for same surfaces 
3) Develop a multilayer model based on first principles and known chemical 

interactions that accurately describes moisture outgassing 
4) Extract the fundamental kinetic information from the outgassing data, via 

modeling, for the two surfaces of interest 
5) Use the model to explore the effect of moisture on thin gate, Si oxidation 

While there is outgassing data available for EPSS, data on the outgassing of moisture 

from the Si02/Si <1 00> wafer under positive-pressure, UHP conditions is not readily 

available. While multilayer models have been proposed, the goal of this work is to obtain 

an improved model, that more realistically reflects the physics and chemistry of the 

oxide/moisture interaction. It is hoped that a model that encompasses a wider range of 

desorption energetics will yield more accurate results under the high 

temperature/temperature ramping conditions seen in most wafer processing tools. 

5.3 EXPERIMENTAL SETUP FOR EPSS 

Much discussion has already been given to the experimental setup. The 

experimental setup is shown in Figure 2.1 and in greater detail in Figure 2.5. The 

attributes of the direct injection system were also outlined in Chapter 2. One of the 

greatest features of the direct injection system is the absence of any three way valves, 

which contain dead-volumes. Instead, a slip stream is used to introduce the challenge 

gas. There is always gas flowing through the slip stream (leg B in Figure 2.5) at all 
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times, either bringing challenge gas (moisture) to the reactor or being back-purged by 

purified gas during the desorption step. The result is a sharp step change in concentration 

at the inlet of the test section/reactor from challenge to zero gas purge. 

When investigating the outgassing of 316L EPSS the DDT/reactor is simply a 

long piece (5- 12 feet) of 1;4" tubing, usually coiled to reduce its footprint. This tubing is 

placed within a small furnace capable of approximately 150 °C. Heating EPSS tubing 

much above this temperature is known to change the surface finish and is not 

recommended. 

5.4 EXPERIMENTAL PROCEDURE FOR EPSS 

The procedure to study adsorption/desorption in a gas flow system requires one to 

perturb the system (gas/surface) in a controlled manner from its equilibrium state and 

record the transient response in gas phase concentration at the reactor outlet. In the case 

of EPSS tubing, the gas phase concentration is monitored at the end of the tube by 

connecting it to the API source inlet. 

If there is no adsorption/desorption of moisture in the tube, i.e. the tube is 

transparent, the perturbation will be recovered at the outlet of the tube undistorted except 

for the normal fluid mixing as given by the residence time distribution of the tube. If it is 

opaque, the surface will function as an infinite source/sink and the perturbation will not 

be seen. Adsorption or desorption of moisture will of course distort C (L,t) from its 

model behavior. 



As aforementioned, the procedure utilized is that for a desorption experiment. It 

consists of the following steps: 
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1. System Bakeout: the tubing is heated to approximately 150 °C while under a zero gas 

purge. This is to quickly remove the surface moisture. 

2. Challenge Step: the tube is subjected to a moisture laden gas, typically flowing 250-

500 seem, until equilibrium is reached. 

3. Desorption Step: the inlet gas is quickly switched to the zero gas nitrogen supply, 

with flows varying between 250 to 1000 seem. During this step, flow is reversed in 

section B of the DIS. The desorption behavior is recorded as C(L,t). 

4. Post Bakeout: After the system approaches/reaches the purge gas concentration, the 

surface is again baked to 150 °C to determine how much moisture remains on the 

surface. The total amount of surface moisture is determined from this bakeout plus 

the moisture removed during the desorption. 

Before the challenge step begins, the EPSS tubing is baked at 150 °C. This will lead to a 

large amount of moisture being released from the surface as the equilibrium has been 

disturbed. Only when the gas phase concentration peaks and then descends back to the 

system background does the challenge step take place. 

The tubing is challenged with a moisture level ranging between 100 and 250 ppb. 

The flowrate is chosen such that the sample gas at the tube exit can be diluted roughly ten 

fold before entering the ion source. A typical challenge flowrate would by 300 seem 

diluted with 2700 seem of zero grade N2. The challenge flowrate is not important, only 
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that equilibrium is achieved. This condition is marked monitoring the gas phase moisture 

concentration with the APIMS and ensuring it is temporally invariant at the moisture 

level of the challenge gas. The challenge step is typically carried out over a 12 hour 

period (usually overnight) to ensure that equilibrium is attained, but actually requires 2 

hours or less. This was determined by varying the challenge time and measuring the total 

amount of moisture coming off the surface. The time where significant changes in 

loading ceased to occur was on the order of2 hours. 

Once equilibrium is achieved, the desorption step begins by rapidly adjusting two 

mass flow controllers (H20/02 vent and zero grade N2 MFCs) to reverse the direction of 

flow in leg B of the DIS and supply the EPSS sample tubing with the desired N2 purge 

gas flowrate. The typical moisture level in the purge gas was 50 ppt. The 

challenge/desorption steps can be conducted at different temperature, but always match 

one another. This allows the determination of a set of adsorption/desorption rate 

constants during subsequent analysis. 

The post bakeout step is most often conducted when the exit concentration of the 

tube has reached the purge gas concentration. Sometimes, this can take over 1500 

minutes without adding much more information to the drydown curve. During these 

times, the bakeout is performed sooner to accelerate the experiment and still determine 

the total surface moisture. 



95 

5.5 APIMS EXPERIMENTAL SETUP FOR SI02 

The experimental setup to investigate the outgassing of the oxide of the silicon 

<100> wafer surface is essentially identical to that for EPSS. The direct injection system 

is used to introduce challenge and purge gases to the reactor, as well as calibrate. There 

are two major differences, however; 1) the furnace containing the reactor is capable of 

reaching temperatures of 1200 °C 2) the silicon wafers must be contained in a reactor 

i.e. there is a much different reactor geometry. 

5.5.1 INITIAL DESIGNS OF Si02 EXPERIMENTAL REACTOR 

One of the most difficult challenges in studying the outgassing of the amorphous 

oxide film of the Si <1 00> surface is the design of the reactor. With EPSS tubing, the 

reactor was the tubing. This greatly reduced the complication of attaching high purity 

fittings onto the reactor. It also lead to a fairly straightforward (Chapter 7) treatment of 

the gas phase moisture conservation equation. With EPSS tubing, one could easily get a 

large surface area ofEPSS to study by simply adding length or increasing the diameter. 

Over a two year period, many different reactor designs were examined. Initially, 

a fused quartz tube was used as a representative sample of the Si wafer oxide. Ground 

glass to metal fittings were attached to the quartz tube in order to allow the high purity 

fittings to be attached. The tubing was coiled to increase surface area, but also to add 

flexibility to the design. The glass-metal seal was composed of uranium glass with seven 

indexes of refraction, starting with glass and ending with Kovar (an alloy of steel). The 

entire reactor assembly was extremely delicate. Many times when attaching the reactor 



between the DI system and the API inlet. the seal would rupture. It most often occurred 

when tightening the Cajon~ fittings. Sometimes it would occur days later. after waiting 

for the system to initially drydown. when residual stresses would yield. This scenario 

would cause great losses of experimental time. 

The problem with the first design is that fused quartz is not the oxide of a doped. 
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Si <100> single crystal surface. which is amorphous. Fused quartz is crystalline. curved. 

and impurity laden. The oxide of a p-doped wafer will contain the dopant within the 

oxide. while the dopant will segregate from the oxide on an n-dope silicon substrate. 

When trying to create a reactor to examine the outgassing of the actual silicon wafer 

surtace. various problems surface. 

Obviously. wafers do not come in the form of tubes. They are thin. brittle slices 

from a pure. single crystal. silicon ingot. The challenge was how to place a large number 

of silicon wafers inside an UHP housing while maximizing the outgassing contribution of 

the wafers relative to the chamber. 

Whole silicon wafers come in sizes no smaller than 2 inch diameter. Thus. in 

order to keep the wafers in one piece. a reactor need be at least this large plus additional 

space for the gas to flow around them. The only plausible design for whole wafers is a 

cylindrical chamber with a stack of wafers lying perpendicular to the primary axis of the 

cylinder. the analogue of a vertical oxidation furnace. The challenge is how to hold the 

wafers. keeping them all equally spaced and normal to the axis. 

A reactor was fabricated. approximately 36 inches in length, from 316L stainless 

steel and the entire inner and outer surfaces electropolished. The chamber was sealed. 



with a '14" EPSS tube at the inlet, and a Conflat® flange assembly at the outlet, which 

could be opened for wafer loading/unloading (Figure 5.1 ). 

Figure 5.1: EPSS chamber used to hold Si wafers 
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Two wafer holders, very similar to the quartz boat used in vertical oxidation 

furnace, were fabricated from stainless steel and electropolished. The holders were 1.5 ft 

long and consisted of three notched, parallel rods with either end secured into stainless 

steel rings 2.5 inches O.D. (Figure 5.2). The rods had grooves cut into them, slightly 

wider than the thickness of a wafer (500 J.lm), to hold the wafer at three points on its 

circumference. The grooves were placed 1 em apart, thus establishing the wafer spacing. 

Figure 5.2: EPSS 2" Si Wafer Holder 
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This reactor was far from ideal in studying the outgassing of moisture from the wafer 

surface. It suffered from several problems: 1) EPSS interacts similarly with moisture 

and the ratio ofEPSS/Si wafer was only on the order of .5 (a 1 em spacing) 2) the 

temperature could not be raised above 150-200 °C for fear of damaging the EPSS finish 

3) the flange was prone to leakage 4) the reactor's size lead to a long initial drydown 5) 

modeling the gas phase conservation and fluid mechanics is complex. 

What was needed was a "packed bed" design where the reactor was full of silicon 

wafer pieces, thus increasing the wafer area relative to the reactor. Additionally, this 

reactor configuration could be approximated as a differential reactor during subsequent 

modeling. The central question was how to pack Si wafer pieces so they do not lie on top 

of one another, as flat objects do not randomly mix. Also, the reactor walls should be of 

similar material and the reactor should maintain UHP conditions. 

Packed bed reactors are usually composed of spherical particles or some other 

three dimensional shape like saddles or rings. These objects will pack randomly and 

leave voids for fluid flow, without contacting and reducing the effective area. The 

question was how to take pieces of the wafer and keep them separated so gas could 

contact the entire surface. 

The first attempt was to take silicon wafer pieces, created by slicing the wafer 

with a diamond scribe along the crystal planes, and try to fuse many of them into small 

quartz rods (1/8" O.D.). The fusing was done with a high temperature torch. The rod 

would hold the wafers apart, and since the rods were quartz, were presumed to interact 

similarly with moisture. The wafer pieces were squares, approximately 2 em per side, 
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spiraled around the rod like branches off a tree. Each wafer/rod unit was approximately 5 

em in length, containing around 10 wafer slices. This arrangement is shown in Figure 

5.3. 

(a) (b) 

Figure 5.3: Quartz rod/Si wafer modules (a) side view (b) top view 

The rods were then placed within a Pyrex reactor, 55 mm I.D., and approximately 75 mm 

long. Cajoll® fittings were attached to the reactor via a glass-metal seal. This seal, which 

is commercially available through Cajon®, is not graded. It consists of a small glass 

section of tubing attached directly to Y4" stainless steel tubing. The seal between glass 

and metal is much stronger than the graded glass seal, and capable of temperatures of 450 

°C. After the wafer modules were loaded into the chamber, the chamber was sealed shut 

with another fitting, to make it essentially leak-free at room temperature. At higher 

temperatures, around 350-400 °C, moisture can permeate through the Pyrex walls. 

The major problem with this design was breakage. The coefficients of thermal 

expansion between quartz and silicon are too different; the glass does not sufficiently 

adhere to the silicon. When the modules were loaded into the reactor, many wafers 



would break or fall from the quartz rod. Others would break when the reactor was 

connected to the DIS or APIMS. The wafers would then pile on the walls of the reactor, 

on top of one another, reducing the effective desorption area, as the purge gas does not 

"see" all of the wafer surface area. 

5.5.2 FINAL DESIGN OF Si02 EXPERIMENTAL REACTOR 

The Pyrex reactor and new glass-metal seals seemed to perform well, the problem 

was in the wafer holder. Instead of using quartz rod, tension springs composed of very 

fine gauge wire were substituted. In the first attempt, simple steel springs were used. 

Once they were proven to hold the wafers well, electropolished stainless steel tension 

springs were substituted, as the steel springs were feared to adsorb too much moisture. 
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The springs operate precisely as the quartz rod, they are pulled apart and the 

wafer pieces are put in the slots. When the spring retracts, the pieces are held tightly at 

one comer. This design resulted in few wafers being lost from their modules. The fine 

gauge electropolished wire does not add much surface area compared to the density of 

wafers that can be loaded per spring. Figure 5.4 shows many spring modules loaded into 

the Pyrex reactor. Figure 5.5 shows the reactor inside the high temperature furnace used 

in the silicon oxide outgassing studies. 

The wafer pieces were cut from lightly doped (phosphorous), n-type, double side 

polished Si <100> wafers. The native oxide of these wafers should contain no dopant. 

Two sided polished wafers were used to double the surface area per wafer slice, and 

eliminate the wafer backside which is not polished. This rough surface could have 
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Figure 5.4: Si/Spring modules in reactor 



102 

Figure 5.5: Reactor in high temperature furnace 



dominated the outgassing of the substrate. The wafers were cleaned using SC 1 followed 

by an isopropyl alcohol rinse prior to being loaded into the springs. Once the entire 

reactor was loaded, it was rinsed with IP A and dried with UHP N2, too remove Si 

particles that may have formed during loading. 
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The reactor was composed of Pyrex and was 89 mm long, with an I.D. of76 mm, 

giving a surface area of 212 cm2 and a volume of 403 cm3
. A small conduit was made in 

the reactor to accommodate a type J thermocouple. This conduit allowed temperature 

measurement of the reactor, as the thermocouple was able to access the middle of the 

reactor where the temperature was assumed to be uniform due to gas mixing. Over 

twelve, 4" wafers were packed into the reactor volume resulting in a wafer area/reactor 

area ~ 9, and a void fraction of~ 0.9. Pyrex was utilized because a quartz reactor could 

not be easily fabricated due to the high working temperatures and large tube size. Pyrex 

is preferred over EPSS, however, due to its chemical similarity to silicon oxide and 

thermal properties. The high area ratio and chemical similarity should reduce the effect 

of the chamber outgassing on the final data. 

Wafer surfaces are oriented at all angles relative to the gas flow at the reactor inlet. 

This effect, coupled with a low length/diameter ratio, should lead to good gas mixing 

within the reactor, and a reasonable assumption of a differential reactor. 

5.6 APIMS EXPERIMENTAL PROCEDURE FOR Si02 

The procedure for the silicon wafer reactor was identical to that of the EPSS 

tubing with two exceptions, the pre/post annealing temperatures. The reactor was pre-
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baked at 400 °C, while under zero grade N2 purge. This was done to facilitate the 

dehydroxylation of the silicon oxide surface, which is generally thought to occur around 

this temperature. During the challenge step, the surface is rehydroxylated, along with the 

formation of higher layers of moisture through multilayer adsorption. Because of the 

controversy surrounding the slow rate of rehydroxylation of the silicon oxide surface, a 

challenge of four days was used and compared to that of 12 hours. No significant 

differences were noticed. 

During the post-drydown bakeout, the silicon surface was annealed by raising the 

temperature in 75-100 °C successions, from the challenge/desorption temperature to 400 

°C. This was necessary because the large reactor surface area would release a quantity of 

moisture, when rapidly heated, that would overwhelm the APIMS' multiplier and pulse 

counter resulting in a loss of data. 

5. 7 HEAVY WATER STUDIES ON Si02 

While it is generally accepted in the literature that moisture will dissociatively 

chemisorb on silicon oxide, it was desired to attempt to experimentally verify this 

observation using the silicon reactor and the Trace+ APIMS. 

The DI system is equipped with a D20 permeation device (99.9% pure D20, 

GCAL industries), to prepare heavy water challenges for the reactor and calibration 

standards for the APIMS. The deuterated water could be used as a 'marker' in surface 

chemistry studies. The goal of the experiment was simple, determine if moisture 

dissociatively chemisorbed. The approach was to scan for the presence of ODH in the 
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gas phase after starting with either a hydroxylated surface (SiOH) and then challenging 

with pure D20, or starting with a SiOD surface and exposing to a pure H20 challenge. It 

was decided that the former scenario would be examined. 

The procedure was as follows; 

1. D20 Challenge: a surface that contains SiOH moieties was exposed to 160 

ppb D20 for many hours. This step is conducted in order to convert the SiOH 

groups to SiOD groups. The reactor exit is monitored for m/e = 18 (H20), 19 

(ODH), and 20 (D20) as a function of time. 

2. System Drydown: the challenge gas was quickly switched to the zero gas and 

the drydown was monitored. 

3. Post-Bake: the system is incrementally heated to examine which surface 

groups (SiOD or SiOH) are present after room temperature drydown. 

The main problem with this experiment is how to interpret the data i.e. calibrating the 

APIMS. While pure moisture and deuterated moisture standards can be prepared, when 

either, or especially both, of these two species are present in the APIMS plasma, m/e = 19 

is formed. This is due to collision between 18 and 20, which can result from the 

exchange ofH forD, to create 19. It can also arise from pure H20 or D20 interacting 

with hydrogen which is always present in the source. Also, since hydrogen is not 

pumped from the source, some 19 will form either pure water or pure D20 is present. 

In an attempt to calibrate the APIMS for the various species, i.e. derive an 

expression for the cps ofm/e = 18, 19, and 20 as a function of the concentration of H20 
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and D20 in the source, a full-factorial design of experiments was conducted to determine 

which interactions of H20/D20 should be included in the model for the APIMS response. 

The responses ofthe design of experiments are the cps at m/e = 18, 19, 20, while the 

factors (k) are the concentration of the two species (H20, D20) in the source. Testing at 

2 levels, one high and one low, requires a total of 2k experiments to be performed. 

Additional experiments, however, are necessary if a non-linear model is assumed. 

The full factorial design requires that each level of each factor be tested with 

every level of every other factor, in this case there are four treatments. Using Yates' 

procedure, one can then identify the contrast of a factor and the combined effects of 

factors. Appendix A shows the Yates' technique for the H20/D20 calibration, with levels 

of 15 and 20 ppb. The results will be discussed in more detail in Chapter 8. 

5.8 ElMS EXPERIMENTAL SETUP FOR Si02 

In order to capture the outgassing behavior of the silicon wafer surface at high 

concentrations, greater than 1 ppm, an electron impact mass spectrometer had to be used. 

Since the ionization is performed at low pressure, higher concentration samples can be 

measured using ElMS than using APIMS. 

The experimental setup employed for the ElMS experiments is slightly different 

than for the low concentration experiments on the APIMS. The same sections exist; 1) 

the metrology i.e. ElMS 2) the reactor or DUT 3) calibration/gas introduction section. 

The setup is shown in Figure 5.6. Each section will now be discussed. 
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5.8.1 DESCRIPTION OF BALZERS ElMS 

The electron impact quadrupole mass spectrometer is a Balzers QMA 430, which 

0 

utilizes a QMG 421C controller. This mass spectrometer has a 90 off-axis SEM as well 

as a Faraday cup. It utilizes a closed ion source and the entire source housing/quadrupole 

section is maintained at 1 X 10-6 mbar using a Balzers TPU 180H (180 L/s) 

turbomolecular pump. The entire source/quadrupole housing is heated to 100 °C using 

resistance heaters. This in order to reduce moisture memory effects. 

The first pressure reduction stage is a 45" long quartz capillary. This capillary 

represents the sampling tube and is maintained, via a heated sheath, at 1 00 °C as well. 

At one end of the capillary is the atmospheric pressure sample. The other end is pumped 

with a Balzers TPD 022 turbomolecular pump at 15 L/s. An RVG 050 thermovalve 

(Balzers) adjusts the conductance (2nd pressure drop stage) between the end of the 

capillary/TPD 022 high vacuum side and the analyzer housing. The low pressure end of 

Moisture Permeation Device 

Leg A Device Under Test 

UHP N2 Supply 

Cathode Gauge 

Faraday Cup 

Turbo Pump 

Roughing Pump 

Figure 5.6: Schematic diagram ofEIMS experimental setup 



the capillary is typically 1 X 1 o-3 mbar. 

5.8.2 DESCRIPTION OF REACTOR (DUT) 

The reactor used on the ElMS for the high concentration studies of moisture 

outgassing from the silicon wafer is identical to that described above for the APIMS 

experimental setup. 

Unfortunately, only heating tape could be used to bake the reactor. The high 

temperature furnace was permanently utilized on the APIMS experimental setup. 

5.8.3 DESCRIPTION OF GAS MIXING SECTION 
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The gas mixing system for the ElMS experiments is a simplified version of the 

direct injection system used in the APIMS experiments. Only three mass flow controllers 

are needed. The vent MFC is used to vent some of the moisture laden gas, if the 

concentration is higher than desired, before mixing with the zero grade N2. If the 

concentration is too low, the vent flowrate can be reduced, the flow past the permeation 

device can be slowed, and/or dilution of the moisture laden gas with the UHP N2 MFC 

can be reduced greatly. When switching from challenge to purge, all that is required in 

most cases is increasing the vent MFC flowrate. Again, the flow will be reversed in the 

leg labeled A in Figure 5.10 and the DUT inlet will see a sharp step change in 

concentration. 

The differences between the gas mixing section described above, and the DIS, is 

the type of MFC used for the H20 MFC, and the size of the permeation device. The 

MFC is a Matheson 200 seem maximum controller that is not high purity. Since it is 



used to carry moisture laden gas, contamination is not a major concern. In order to 

generate challenge and calibration gases as high as 250 ppm. the permeation device was 

very large. I 5.000 ng/min as opposed to I 00 nglmin used in the DIS. 

The Balzers EIMS. although specified to have a moisture background less than l 

ppm, was never able to achieve this baseline with the gas mixing section and reactor in 

place and configure as outlined above. This may have been due to undetected leaks in 

the gas distribution system, but was more likely due to; I) the quartz capillary graphite 

ferrules leaking under the vacuum conditions 2) the analyzer itself having an intrinsic 

leak and thus a high bal:kground level. The background was on the order of 1 0 ppm. 

5.9 ElMS EXPERIMENTAL PROCEDURE FOR Si02 

The experimental procedure was identical to that of the APIMS experiments 

except for the temperatures of baking. Although a pre-bake. and post-bake were 

performed, the heating tape would only allow the reactor to reach 150 °C. This v.ill be 

discussed more in Chapter 8. 
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CHAPTER6 

MULTILAYER MODEL FOR MOISTURE ADSORPTION AND DESORPTION 
ON METAL OXIDE AND METALLOID OXIDE SURF ACES 

6.1 INTRODUCTION 

Theoretical models describing the adsorption and desorption of moisture on 

surfaces such as EPSS. and especially the silicon oxide surface. are necessary in order to 

examine how moisture impurity behaves in UHP systems. Ultimately, outgassing models 

are modules that are integrated into a model that describes the transport, distribution and 

fate of moisture within semiconductor processing tools. 

The silicon oxide film that exists on the wafer surface is easily the most important 

surface. They •~ay in which this surface interacts with impurity molecules is the most 

critical pathway for wafer contamination. although moisture can cause particle forming 

reactions that occur above the surface. Since wafers are the product and are involved in 

every step of the orocess. this is the most relevant surface to the semiconductor industry. 

Also. many reactors are made using quartz components, which can be approximated by 

the same adsorption/desorption rate constants. 

EPSS is also an important surface to the semiconductor industry as it is used to 

make gas distribution systems and sometimes is used within semiconductor process tools. 

Although various models for moisture adsorption on EPSS have been proposed 

(Chapter 3), few exist for moisture on silicon oxide. Furthermore, there is little 

outgassing data available on silicon oxide to use to verify any outgassing models for this 

surface, until now. According to the literature (Chapter 4), both silicon oxide and EPSS 

should dissociatively chemisorb moisture to form a first layer, and physically adsorb 



moisture to form multilayers upon the hydroxylated surface. It is reasonable to assume 

from these facts that a multilayer model that describes one of these surfaces could be 

applied to the other. with only the rate constants and site density varying. 

Ill 

The adsorption/desorption models that could be used, although some may predict 

the correct outgassing behavior. could be improved in many ways (see Discussion in 

Chapter 3). The goal of the multilayer model that will be presented in this chapter is to 

include the known chemical interactions for moisture on these oxide surfaces and reflect 

the range of interaction energies that exist between moisture and the surface. For the case 

of moisture adsorption on the wafer surface. a subsurface permeation and oxidation 

pathway must be included as this is one way moisture can be removed from the surface 

(besides desorption). This is also the pathway that concerns the semiconductor industry 

the most. as they try to achieve greater control over the gate oxide thickness and 

uniformity. 

6.2 BET MULTILAYER ISOTHERM 

The multilayer adsorption isotherm developed by Brunauer. Emmett and Teller [77]. 

was one of the first. and is still. one of the most utilized adsorption isotherms. According 

to BET, if molecules strike a surface that already has an adsorbed layer. and are attracted 

by sufficiently great forces, their adsorption time is not negligible and more layers begin 

to form. Figure 6.1 gives a schematic illustration of how multimolecular adsorption 

occurs according to BET theory (17, p. 218]. In BET theory, molecules are added 

vertically to existing ones to form surface stacks. The multilayer, kinetic model 



developed by Shero and Shadman [80], and detailed here, is quite similar to the BET 

representation of how multilayer adsorption proceeds. Therefore, a discussion of BET 

theory is appropriate. 

4th Layer 
3rd Layer 

2nd Layer 
1st Layer 

Surface 

Figure 6.1: Cross-section of BET's adsorbate-adsorbent interaction 
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Brunauer et. al. used a few simplifying assumptions to extend Langmuir's isotherm 

for unimolecular adsorption to multimolecular adsorption. Their equilibrium model 

begins by defining Si as the surface area with i layers of adsorbed molecules covering it. 

At equilibrium the rate of evaporation (desorption) and condensation (adsorption) must 

be equal for each layer. For the first layer this asserts that; 

(6.1) 
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where pis the pressure, E1 is the activation energy of desorption of the first layer, and a1 

and b1 are constants. This is essentially Langmuir's equation, with ab b1, and E1 being 

independent of surface coverage, s;. 

At equilibrium, all s;, will must remain constant in time. Th~ loading in each 

layer can vary in four ways: by adsorption or desorption on it, by desorption from the 

layer above it, or by adsorption on the layer below it. For the first layer then; 

(6.2) 

where a2, b2, E2 are similarly defined as above. The above two equations reduce to; 

(6.3) 

or stated simply the rate of desorption of the second layer is equal to the rate of 

adsorption on layer one. This argument can be extended to the second layer and higher 

yielding; 

b -E· I RT 
a; p s;_1 = ; s; e ' (6.4) 

The total surface area and total volume adsorbed are given by the following infinite 

senes; 
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00 

A= :Ls; (6.5) 
i=O 

_ i=O (6.6) 

where v 0 is the volume of gas adsorbed per unit area when a full multilayer is present. 

The summations can only by carried out if the activation energies for the higher layers 

are assumed to be identical, i.e. E2 = E3 = E4, and equal to the heat of liquefaction of 

water. Another assumption is that b/a; = g, constant. Which is the same as saying that 

the evaporation-condensation properties of the molecules in the 2"d layer and higher are 

the same as those in the liquid state. Eventually, BET would arrive at the following 

expression for the s;; 

C = at g e(E1-EL)/ RT 

bt 

(6.7) 

(6.8) 

(6.9) 

which when substituted into the expression for v above, and making some substitutions 

for the infinite geometric series, yields; 
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v ex 

vm (1-x)(l-x+cx) 
(6.10) 

At the saturation pressure of the gas p0 , an inifinite number of layers can adsorb. To 

make v equal infinity when p = p 0 , x must equal unity. This results in the famous BET 

isotherm equation; 

(6.11) 

Four important aspects of the BET equilibrium theory that will be integrated into 

the multilayer kinetic model are as follows; 

1. The physical picture of how adsorbed molecules 'stack' 

2. The fact that at any time, the surface must have some bare surface sites. If not 

So would be zero, which would imply that s1 is zero and so on ..... 

3. Surface populations can vary in four ways: by adsorption/desorption from that 

layer, or adsorption onto the layer below or desorption from the layer beneath 

4. Physisorption (adsorption or desorption process) is first order in the number of 

sites 
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6.3 COMPONENTS OF MULTILAYER KINETIC MODEL 

6.3.1 INTRODUCTION 

The multilayer kinetic model will include the dissociative chemisorption of water 

onto the bare oxide surface, followed by the physical adsorption of moisture upon surface 

hydroxyl groups to from an array of stacks of water molecules of various height. The 

population distribution of these stacks at equilibrium will be dictated by the gaseous 

concentration of moisture and the surface temperature. During transients, the distribution 

will be based upon the outgassing time, gas phase moisture level, and initial surface 

condition. At the core of the model are the assumptions made about the activation 

energies of desorption for the various 'types', i.e. in what layer the moisture resides, of 

moisture on the surface. Figure 6.2 is a schematic representation of how moisture will 

interact with the metal/metalloid oxide surface in the multilayer model. Silicon oxide has 

been used as the representative surface. 

Desorption Adsorption 

@ \@ 41h Layer 

@~ ~~ \ 3rd Layer 

H20 @ H20 2nd Layer 

/H /H H /H /H / H 151 Layer 
0 0 0 0 0 0 

Qth Layer 0 
I I I ~o~ I I I 

0 
~~ ~~ 

Si Si Si Si Si Si Si Si Si Si Si Si 

Figure 6.2: Illustration of Moisture/Surface Interactions in Multilayer Model 
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It is well documented [13, 14, 47, 57, 60] that as moisture desorbs from a metal 

oxide there is a significant change in the activation energy of desorption. Initially, the 

moisture comes off easily and the desorption rate is high, as outgassing progresses, the 

rate lowers noticeably and the moisture is much more difficult to remove. This behavior 

has been explained in models by assuming a functional dependence for the activation 

energy on some parameter that mirrors surface coverage. Sneh [60] has explained the 

decrease in activation energy with increased loading in layer one, as evidence that lateral 

+ -
repulsive interactions between H30 ··· SiO adsorbates are becoming more prominent 

with the decrease in distance between adsorbates that occurs with increased loading (see 

Chapter 4). 

Shero et. al. believe that the observation that EA decreases with increased 

coverage is not a result of energetic changes within a horizontal layer as it fills, but is due 

to the multilayer adsorption of moisture upon lower layers that are more attracted to the 

surface than the new layers are. It will be argued that the lower layers of moisture are 

more tightly bound to the surface due to chemical bonds and surface induced forces. As 

these layers are covered, higher layers with lower interaction energies are forming and 

the overall desorption activation energy of the surface will appear lower. This is because 

the moisture molecules that were previously available to desorb with high activation 

energies of desorption are being covered by molecules with lesser energies as surface 

loading increases. This explanation may elude Sneh et. al. and others, because they are 

under the impression that they are only covering the surface hydroxyl groups with one 

layer of moisture during their experiments. This has not been experimentally verified and 
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this conclusion contradicts BET theory which states that there is always a finite 

probability that all layers are present under any conditions. This is especially true when 

one layer is full, the next layer usually will have a significant population. 

The notation used to describe the moisture distribution on the surface in the 

multilayer kinetic model is fairly straightforward, but warrants discussion at this point. 

The term n; represents the number of sites per unit surface area that have i groups 

adsorbed. The word 'group' is used to encompass a surface hydroxyl or a molecule of 

water. The notation m; will refer to the number of molecules/groups in layer i per unit 

surface area. Therefore, n; refers to the number of vertical stacks with i groups, whereas 

m; refers to the number of molecules in a horizontal layer. 

The oxide surface is covered by a number of adsorption sites per unit area, S. On 

a bare silicon oxide surface, each siloxane bridge will yield two adsorption sites upon 

hydroxylation. The number of sites, S, is equal to the number of silanol groups that a unit 

surface area of oxide can accommodate and is on the order of the number of silicon 

(metal) atoms. At all times, site conservation must be maintained, and this is expressed 

as; 

(6.12) 

The relationship between m; and n; is given by the following expression: 
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i-l 

m; =S- Lnj 
j=o 

(6.13) 

At any time the total moisture loading of the surface is given by the_following series: 

(6.14) 

Now that a basic description of the moisture/surface interactions has been presented, and 

a nomenclature set defined, the details of the chemistry and energetics of 

moisture/surface and layer/layer interactions can be delineated. 

6.3.2 INTERACTION OF MOISTURE WITH 
BARE SURFACE (ZEROTH LAYER) 

As was discussed in Chapter 4, the dehydroxylated silicon oxide surface (bare 

surface) is covered with siloxane bridges. Moisture is known to dissociatively chemisorb 

to the siloxane bridges, and the surface bridges of other metal oxides, to form SiOH 

(MOH) surface moieties. These siloxane bridges, composed of two silicon atoms, 

represent the oth layer and two vacant surface sites. When water dissociatively 

chemisorbs to the bare surface, breaking a siloxane bridge, two vicinal silanol groups 

form. Each of these groups is a site where molecular water can then physically adsorb. 

According to the literature for silicon oxide (Chapter 4), the concentration of these silanol 
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groups, and thus S, is equal to 4.6 X 1014 cm-2 for a well-defined, defect free Si <1 00> 

oxide surface (vitreous silica). 

Since two adjacent, vacant sites (no) are required to adsorb one molecule of water 

(forming two surface hydroxyl groups) the adsorption rate expression for the oth layer 

must not only depend on n0, but also on the fraction of surface sites that are bare i.e. only 

bare sites that are next to another vacant site, so that both -OH groups can be 

accommodated, will contribute to the adsorption of water in this layer. Hence, the 

adsorption rate is second in order in n0• The adsorption rate for every layer will be 

proportional to the gas phase moisture concentration. The third order adsorption rate 

constant, ka 
1

, is assumed to have an Arrhenius temperature dependence. The adsorption 

rate for the bare surface expressed mathematically as: 

(6.15) 

(6.16) 

Based on observations outlined in the literature of moisture adsorption on silicon oxide, 

Ra
0 

could be small, as the siloxane bridges have been termed "hydrophobic" and the 

surface has been known to take "days to rehydroxylate under gaseous challenges". 

Because adsorption of moisture on the bares surface represents a chemical reaction, 

where bonds are being broken and formed, the activation energy could be higher than that 

of physical adsorption, which is a relatively non-activated process. This is supported by 
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the observations of Dultsev [67] who predicts the activation energy of adsorption onto 

siloxane bridges to be 58 kJ/mole. 

6.3.3 INTERACTION OF MOISTURE WITH FIRS_T LAYER 

Once the first layer has formed, via hydroxylation of the siloxane surface, two 

things can happen: 1) the hydroxyl groups can recombine and desorb from the first 

layer, as water, to reform two no sites 2) molecular water can physically adsorb to form 

the second layer, through hydrogen bonding and surface induced polarization, to the 

surface hydroxyl groups. 

Let us first examine the desorption of moisture from layer number one. Since 

surface hydroxyl groups are assumed to be tightly bound to the surface, they should 

always remain adjacent to one another, i.e. they are assumed to not diffuse upon the 

surface. Therefore, the reaction is first order with respect to n1 and not second order. 

The desorption rate, based on the disappearance of n1 sites, is given by; 

(6.17) 

(6.18) 

where an Arrhenius temperature dependence, has again, been assumed. 
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The desorption of moisture from the surface should be a highly activated process, 

although the literature gives such a wide range as to be useless. A Si-0 bond must be 

broken in conjunction with an 0-H bond in order to reform the siloxane bridge. 

When moisture adsorbs to the first layer, i.e. the surface hyqroxyl groups, one 

would expect a rate that is first order in gas phase concentration and in the number of 

sites with one group adsorbed. The activation energy of the rate constant should be less 

than that of the bare surface, and fairly low (Verma [20] found it to be = 500 J/mole for 

moisture on the covered EPSS surface). Some molecular arrangement may be necessary 

in order for molecular water to rest in its lowest energy state on top of the Si-OH group. 

The adsorption rate for molecular moisture on top of the first layer of hydroxyl groups is 

given by; 

(6.19) 

(6.20) 

6.3.4 INTERACTION OF MOISTURE WITH SECOND LAYER 

The second layer represents the first layer of physcially adsorbed moisture. This 

moisture will behave quite differently from the physisorbed moisture of the higher layers. 

According to DeBoer [ 17] if the adsorbed gas has a large permanent dipole, which 

moisture does (1.87 X 10-18 e.s.u.), the surface ions can induce a further polarization of 

3 
the molecules in the lower layers. This effect dies off as 1/d and should have its largest 
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effect in the first two layers. It is also apparent when examining the Si-0 bond. This 

bond has high ionic character, with oxygen being negatively charged. This negative 

- + 
charge leads to a SiO ·· ·H30 interaction that exceeds typical hydrogen bond strength [60, 

p.72]. 

For these reasons it is expected that layer two will have a different desorption rate 

and rate constant, with an activation energy of desorption lower than the moisture in layer 

one, but greater than moisture subsequently physisorbed in the upper layers (3 and 

above). The desorption rate for layer two is thus given by; 

k - ko -Edz/RT 
dz - dz e 

(6.21) 

(6.22) 

Adsorption onto layer two by molecular water should be non-activated. Since water is 

adsorbing onto a layer of molecular water and not surface hydroxyl groups that are bound 

to the surface, adsorption in the upper layers, starting with layer two, may be described 

by a different adsorption rate constant and activation energy. If necessary, the adsorption 

rate for the upper layers can be formulated simply as the others, first order in gas phase 

concentration, site concentration and with an Arrhenius temperature dependence; 

(6.23) 

(6.24) 
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6.3.5 INTERACTION OF MOISTURE WITH THIRD AND HIGHER LAYERS 

Physisorbed moisture in layers three and above is sufficiently far from the surface 

to not experience much induced polarization. Therefore, the binding energies that a 

molecule further from the surface experiences are due to the number of Van Der W aal' s 

interactions it experiences. This will be proportional to the number of immediate 

molecular neighbors a molecule has. The number of neighbors will be composed of 

molecules within its horizontal layer, those below it, and those above it. A molecule that 

is completely surrounded by water molecules below, around, and above it, will 

experience similar Van Der Waal' s (and hydrogen bond) forces to that of liquid water, 

albeit not exactly, as an adsorbed layer is still highly ordered and less dense than water in 

the liquid state. For example, an n5 molecule will have an activation energy of 

desorption proportional to m4, ms and m6. This concept is mathematically expressed as; 

(6.25) 

where E0 is essentially the activation energy required to separate one water molecule 

from another, which should be quite low or water molecules would often cluster in the 

gas phase. This parameter contains the VanDer Waal's and hydrogen bond interaction 

energies. The p' s represent the number of such interactions a water molecule experiences 

under its adsorbed packing arrangement. Them terms are scaled by S (total number of 
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sites) such that one represents a molecule in a layer with its maximum number of 

neighbors. If one assumes that a molecule interacts with the same number of water 

molecules within a layer as it does above or below it, i.e. Po= PI, and since the number of 

water molecules per horizontal layer must decrease moving from a surface, that implies 

m;_1 + m;+J = 2 m;, and the equation forE; reduces to a more tractable form; 

E; = E 0 +em; (6.26) 

The upper bound on the activation energy, E;, is 40.6 kJ/mole and would only occur 

when m; is identically equal to S. This corresponds to the heat of vaporization of liquid 

water and is on the order of the activation energy required to vaporize one gram mole of 

water. 

This analysis leads to the following expression for the desorption rate of moisture 

from the upper layers, three and above; 

Rd. = kd n = kdo e-E;IRT n. = kdo e-(Eo+Cm;)IRT n. = ae-bm; n. i ~ 3 
1 i i i l i l l 

(6.27) 

Since the number of molecules per horizontal layer dies off further away from the 

surface, the activation energy of desorption of the molecules in higher stacks (high n) 

will always be less than those in lower stacks nearer the surface (low n ). When a very 

large stack forms, which has a small but yet finite probability of occurrence, it will 
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quickly desorb as the fugacity of a molecule on one of these large stacks (when 

surrounded by much smaller stacks) will be great, or in other words, its activation energy 

of desorption will be low. 

6.4 SURFACE EQUATIONS OF MULTILAYER KINETIC MODEL 

The multilayer kinetic model consists of formulating balance equations for all of the 

various sites, n0 - noo- Each site balance will contain positive contributions from 

desorption from the site indexed one above it and adsorption from the site indexed one 

below it. Negative contributions occur when the site itself experiences adsorption or 

desorption. In addition to adsorption/desorption, at high temperatures(> 600 °C), silicon 

can undergo oxidation when surface moisture permeates through the oxide layer and 

reacts with the underlying silicon substrate. The oxidation rate term has been included in 

the balance equations as Rox and will be discussed in more detail in Section 6.5. The 
sat 

balance equations contain the various rate expressions outlined in the previous section, 

and are shown completely here; 

dno == -2k Cg n~ + 2k (n• J + 2R (m• J(n• J dt ao S dt 2 ox,sat S S (6.28) 

(6.29) 
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(6.30) 

h k -bm· 
w ere d · = ae ' 

l 
i '?:. 3 

6.5 COUPLING SILICON OXIDATION WITH 
ADSORPTION/DESORPTION MODEL 

(6.31) 

The combined adsorption/desorption/oxidation model is useful in exploring the 

process of growing oxide in a controlled manner (desirable); it is not relevant only to 

moisture as a spectator impurity. Of primary concern to those in the semiconductor 

industry is the fate of moisture impurity that resides on the silicon oxide surface. At 

lower temperatures, the change in the surface moisture concentration is due almost 

exclusively to adsorption and desorption. At elevated temperatures, where the rate of 

silicon oxidation by moisture begins to take place at an appreciable rate, the surface 

kinetic equations need to reflect this pathway for moisture disappearance. 

The goal of this work was not to develop another oxidation model for moisture 

with silicon. Instead, the objective was to illustrate an approach on how existing 

oxidation models could be linked to a multilayer kinetic model, such as the one outlined 

above, that can discriminate between moisture in various layers. 
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The oxidation rate term, Roxsat' represents the maximum rate for saturated steam, 

at 1 atm, for the serial process of moisture permeation through the oxide and reaction 

with silicon <1 00>. The rate is expressed in H20 molecules consumed per cm2 wafer 

surface. The oxidation rate term in scaled by the ratio of moisture in the first layer, m1, to 

the maximum it can hold, S. Here it is tacitly assumed that under the conditions at which 

the oxidation rate was determined that the first monolayer of moisture on silicon oxide 

was nearly full. As long as the first layer is completely full the oxidation rate should be 

at its maximum, i.e. the reaction only 'feels' the presence of moisture in the first layer, 

not the higher ones. The higher layers could be empty, and the oxidation would proceed 

at its maximum rate until the first layer population, m1, begins to decrease when non

existent higher-indexed sites (upper layers) do not shift down to maintain the first layer 

population. This is also explanation for how the oxidation rate levels off as the water 

concentration increases. 

The disappearance of first layer moisture into the oxide is essentially a one-way 

adsorption/desorption process, i.e. desorption, in terms of the site balance equations. 

When an n3 stack loses a molecule to 'desorption' into the oxide, it is a negative 

contribution to the accumulation of n3. However, when an n4 stack does the same, it is a 

positive contribution to n3. 

Various oxidation rate expressions can be utilized with the multilayer kinetic 

model. As moisture oxidation models for thin oxides are developed, they would be the 

most desirable candidates. In Chapter 11, Deal-Grove oxidation kinetics will be utilized 

as a first approach. These kinetics, while vastly under-predicting the oxidation rate for 



thin films in oxygen, have been found to yield more accurate predictions upon 

extrapolation into the thin film regime for moisture oxidant [82]. 

6.6 CONCLUSIONS 
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With the balance equations for the surface sites in hand, the next phase of the 

simulation effort is to link these moisture conservation equations for the surface with an 

equation describing moisture conservation in the gas phase of the reactor. When the 

moisture balance for the surface and gas phase are solved simultaneously, the problem is 

solved for the n;, m; and the gas phase concentration, Cg, as a function of time and space. 
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CHAPTER 7 

COUPLING GAS PHASE AND SURF ACE CONSERVATION EQUATIONS 

7.1 INTRODUCTION 

In this chapter, the gas phase conservation equations will be presented for two 

reactor types; 1) the tubular reactor used to obtain EPSS tubing outgassing data 2) the 

differential reactor used for the silicon wafer studies. The numerical schemes used to 

solve the gas and surface balances will then be discussed, as well as the fitting procedure. 

The FORTRAN codes will not be included, but can be found in Appendices Band C. 

7.2 MODELING MOISTURE TRANSPORT IN HIGH PURITY GAS LINES 

The 'It" tubing used to study the outgassing of EPSS makes for an ideal dispersion 

reactor. A one-dimensional axial dispersion model has been utilized successfully by 

many adsorption/desorption researchers to describe the gas phase transport of impurity in 

stainless steel tubes under the most prevalent conditions i.e. isothermal, dilute, low Re 

flow [9, 13, 14, 20]. This model accounts for convective, dispersive, and transient effects 

within the tube, and when linked with the surface balance, adsorption and desorption of 

impurity. 

It has been shown by Aris [82] that the gas phase species balance, written in 

cylindrical coordinates, can be simplified to one dimension by using the average gas 

velocity, the gas phase concentration averaged over a radial cross-section, and an axial 

dispersion coefficient (Dz). These simplifications are valid as long as mass transport is 
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determined primarily by radial diffusion and axial convection. These approximations 

remove the radial direction from the gas phase transport equation, and greatly simplify 

the solution. The one-dimensional axial dispersion model can be used as long as 

temperature is constant and the following conditions true; 

Condition 7.1 

1 ~ Re ~ 2000 Condition 7.2 

.24 ~ Sc ~ 1000 Condition 7.3 

In the EPSS outgassing experiments, the first ratio ranged from 214 to 1635, the 

Reynolds number from 77 to 308, well in the laminar flow regime, and the Schmidt 

number (the ratio of momentum transfer to mass transfer) was on the order of 1. 

Therefore, considering an isothermal tube with diameter d and length L, as seen in 

Figure 7.1, we can write a moisture balance for the control volume shown considering 

only the axial direction. Nitrogen flows with an average velocity, v, and the radially 

averaged gas phase concentration is Cg. 

> 
z=O 

adsD 

¢> ?,,_ I ftdes 

z z+dz 
z=L 

> 
Cg(L,t) 

Figure 7.1: Differential control volume over which gas phase conservation is written 



132 

Writing a moisture conservation equation for the differential control element; moisture 

fluxes into the element include convection and dispersion at z and desorption along the 

differential surface area 2IIr dz, out of the element include convection and desorption at z 

+ dz and adsorption along the differential surface area, and accumulation within the 

volume element over the time interval dt. Dividing through by dz and dt and letting the 

differentials approach zero, we arrive at the following axial-dispersion model for 

moisture conservation in the gas phase; 

(7.1) 

where the net rate of adsorption is also known as the change in surface loading with time 

(with oxidation included for completeness); 

dL- R - R - (m• JR dt - ads des S ox501 
(7.2) 

For a given experiment, since the temperature is fixed an assumed isothermal, the 

dispersion coefficient, Dz, is defined and constant. According to Taylor-Aris dispersion 

theory; 

D =D + (vd)2 
z m 192D 

m 

(7.3) 
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Reitterating, this correlation is applicable when 1 < Re < 2000 and .24 < Sc < 1000. Dm 

is the molecular diffusivity of moisture in nitrogen. 

The convective-diffusion equation is a second order, parabolic PDE that is 

coupled with a set of first order ODEs (the site balance equations)._ The PDE requires 

two boundary conditions on z and one intial condition on t in order to solve, while the 

ODEs require an initial condition, n; (t = 0). The following boundary conditions apply to 

the gas phase conservation equation; 

c g = c; at t = 0; all z 

acg 
vCg. =vCg-Dz-- at z=O;allt 

· az 

acg 
--= 0 at z = L; all t az 

The inlet condition is called Dankwert' s boundary condition and has been used 

IC 7.1 

BC7.2 

BC 7.3 

successfully by other authors in adsorption/desorption models for impurities in tubing [9, 

13, 14, 20]. It is utilized when the 'feedback' from the reactor to the reactor inlet line is 

assumed to be negligible, i.e. dispersion is more important in the reactor than in the 

entrance line. The zero gradient condition is used at the outlet which has been shown to 

be a good boundary condition for dispersion reactors [83, p. 279]. Of course, for 

desorption experiments, the initial condition is when the tube is full of challenge gas. At 

timet= 0, the purge gas is changed to zero grade N2, and Cg. is the moisture 
I 

concentration at the tube inlet. 
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7.3 METHOD OF SOLUTION FOR GAS LINE EQUATIONS 

In order to solve Equation 6.28 - 6.31, the surface kinetics, simultaneously with 

Equation 7.1, the gas phase conservation equation, required a numerical technique. An 

implicit, finite divided difference technique was utilized to solve the gas phase PDE. An 

implicit discretization of the gas phase transport equation and boundary conditions 

resulted in a tridiagonal matrix of coefficients times the vector of unknowns, C g , the gas 

phase concentration at each nodal location in z. The tridiagonal matrix was solved for Cg 

as a function of z, for a fixed time, using the Thomas Algorithm. The solution of 

parabolic PDEs by this technique is outlined by Carnahan [84]. Instead of solving the 

PDE and ODEs simultaneously, which would destroy the tridiagonal nature of the 

discretized, convective-diffusion equation, they were solved iteratively using a predictor-

corrector approach. 

The ODEs were discretized using Euler's method. The initial conditions, or the ni 

at t = 0, were obtained by solving a sufficient number of site balance equations at 

equilibrium i.e. dn/dt = 0, along with the site conservation equation. The necessary 

number of n;, or balance equations, is dependent upon the challenge concentration. One 

need not solve a thousand equations if the population in layers 5 and above is 

insignificant i.e. on the order of 106 when the number of sites is 1014
. At equilibrium, the 

site conservation equations reduce to the following form; 

(7.4) 
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(7.5) 

(7.6) 

0 k C -bm· 1 
= - al g n; + a e I+ n; + 1 (7.7) 

Equations 7.4 - 7. 7, coupled with Equations 6.12 and 6.13, represent a highly coupled, 

non-linear set of simultaneous algebraic equations. The set can be in excess of hundreds 

of equations. The argument of the exponential term can range from 1 o-14 to 103 or more. 

In order to find the roots of these equations, i.e. the n;, for a given set of ks, a and 

b, a commercially available software package, TKSolver (version 3.5 for Windows® 95) 

was utilized. This program utilizes a modified Newton-Raphson root finding technique, a 

technique that is recommended for non-linear, coupled algebraic equations [85]. TK 

Solver is capable of handling more than 100 equations. 

The solution of the discretized PDE and ODEs proceeded as follows. For a given 

set of rate constants and initial gas phase concentrations, TKSolver! was used to calculate 

the initial surface condition, n; (t = 0). This set of n; was needed for the initial conditions 

in the kinetic model, which was solved in Fortran 90. The gas phase PDE was solved 

initially, at t = dt, by assuming that the initial outgassing rate, dL/dt was zero. The Cg(Z) 

determined was then used as a first guess to solve the set of dnldt equations at the new 

time for each spatial gridpoint. From this, a first guess at dL/dt was computed. This was 

then used in the PDE to solve for a new approximation of Cg(Z) at t = dt using Cg(Z) at t = 

0. This procedure was successively repeated until the difference between Cg(dz) in 
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successive times was less than .01 %. The values for Cg(Z), and n;(Z) were then stored and 

the time incremented by dt. 

The FORTRAN 90 code that performs the operations outlined above can be found 

in Appendix Band is called multi_tube.f (multilayer kinetics, tubul~r geometry). 

7.4 MODELING MOISTURE OUTGASSING IN WELL-MIXED REACTORS 

As mentioned previously, the silicon wafer surface had to be investigated using a 

packed-bed arrangement, as discussed in Chapter 5. This reactor was assumed to behave 

as a differential reactor i.e. the gas phase concentration is everywhere uniform within the 

reactor volume. This assumption seems valid with the high degree of mixing in the 

reactor, which should occur due to the highly tortuous gas flow pattern created by the 

randomly oriented wafer surfaces, and a bed length/diameter ratio near unity. 

The gas phase moisture conservation equation is straight-forward; 

(7.8) 

Where C~ is the moisture concentration of the purge gas, Vis the reactor volume, A is 

the total surface area of the reactor, and NAv is Avogadro's number. 

The initial condition for equation 7.8 is Cg (t = 0) = challenge gas concentration. 

The outgassing model consisted of solving Equation 7.8 in conjunction with the surface 

kinetic equations. The solution procedure is analogous to that for the tubular reactor. 
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Equation 7.8 was solved for Cg at 0 + dt using Euler's equation, assuming dL/dt was 

initially zero. With this value of Cg, the surface kinetic equations could be solved to 

obtain an approximation for dVdt at this time. This approximation was then used to 

calculate a new guess at Cg at this time, and this procedure was rep~ated until the gas 

phase concentration converged. This value of Cg was saved and the time incremented by 

dt. 

The numerical simulation was again performed using Fortran 90. The name of 

the code is multi_diff.f (multilayer differential reactor), and can be found in Appendix C. 
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The results will be presented in two basic blocks, first for EPSS tubing, followed 

by silicon oxide outgassing data. The EPSS data was important for a few reasons~ 1 ) the 

data collection was more straight forward due to material and experimental design 

constraints (see Chapter 5) 2) comparative data is more available in the literature 3) this 

surface could be used to test the validity of the multilayer model on an oxide surface 

known to dissociatively adsorb moisture. The outgassing of the oxide on the Si <100> 

surface at low. or even high concentrations. is practically non-existent. Examination of 

the outgassing ofthe actual wafer surface was complicated by many experimental and 

reactor design factors. discussed in detail in Chapter 5. Therefore, while some of the 

problems regarding silicon oxide were confronted. EPSS was examined in parallel. 

8.2 OUTGASSING OF EPSS 

Figure 8.1 shows an experimental outgassing curve for a 5' 2.5" (158. 75) long section of 

I 0 Ra, 316L EPSS tubing (.46 em I. D.) on a semi-log scale. The experimental conditions 

are given on the figure. Due to the chromatographic effect of purging a long tubing, the 

gas phase concentration at the outlet is essentially constant for the first minute before 

rapidly dropping off. This characteristic outgassing curve shows the high outgassing rate 

seen initially and then a marked change in outgassing rate is observed at approximately 

50 minutes with a distinct change in the slope of the curve. These regions are believed to 



1000 ~----------------------------------~ 

Q: 900 seem 
C: 136 ppb 
L: 158.75 em 

T: 25 °C 

'Loosely' bound moisture 

'Tightly' bound water 

n 
D D D D D 

0 50 100 150 200 250 300 350 400 450 500 

Time (min) 

Figure 8.1: Outgassing from 316L EPSS tubing (10 Ra) 

139 



140 

represent the loosely bound and tightly bound population groups. The chromatographic 

section, or plateau, is better illustrated on a log-log scale, as shown in Figure 8.2. 

Figures 8.3, and 8.4 shows the fit of the multilayer model to experimental data 

obtained at two different moisture challenge concentrations with tw_o different purge gas 

flowrates. The fit of the model to the data is excellent over the entire concentration 

range. The model was fit to the data by trying to minimize the visual difference between 

Ypred and Yexpt over the entire concentration range on a log-log scale. Applying a simple 

formula such as; 

n 

SSE=~C -C 
~ gdata gpred 

(8.1) 
i=l 

will yield a better fit at the beginning of the outgassing curve, than at the end, because 

slight differences near the baseline will not add much to the overall SSE. Therefore, the 

fitting procedure was done by manual observation. 

With the number of constants in the model, one might expect the fitting procedure 

to be simple. The truth was the exact opposite. If any layer does not have the appropriate 

constants, a certain section (in time) will be either too low or high. Both the equilibrium 

distribution and the transient model will be affected by the selection of the rate 

parameters. For example, decreasing kd
1 

(holding all others constant), will not only 

increase the initial m1 population, but will increase the concentration of taller surface 

stacks. This has a three-fold effect; 1) more surface moisture 2) more moisture coming 
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off with a higher Ed and lower kd 3) more moisture is further from the surface and will 

desorb with a lower Ed and higher kd. Thus, both the beginning and end of the outgassing 

curve are effected. 

To compare the same surface loadings, another parameter Il!USt be changed, for 

example ka
0

. This would compress or expand the initial distribution, i.e. move more 

water closer or further from the lower layers where the activation energies of desorption 

are higher and the desorption rate constants lower. Since higher indexed sites are 

converted into lower indexed sites, this sequence often has a domino effect and changes 

many portions of the outgassing curve. 

Obtaining the set of kinetic constants for moisture on EPSS was a procedure that 

took almost one year to complete. Part of this time was required due to the large and 

complex parameter space that needed exploration and the remainder was due to lengthy, 

numerically expensive computational algorithms and the inefficient interfacing of the 

FORTRAN programs and TKSolver. The highly coupled and non-linear nature of the 

surface kinetic equations leads to many difficulties that will be discussed later in this 

chapter. 

Figures 8.3, 8.4, and 8.5 show how the model, with one set of kinetic parameters, 

accurately predicts experimental outgassing curve obtained under different experimental 

conditions, with changes in challenge concentration and purge gas flowrate. These 

effects are all accounted for in the moisture conservation equations for the gas phase and 

surface that constitute the model. The conditions are outlined in the figures. 
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Table 8.1 gives the set of kinetic parameters that was found to best predict the 

experimental outgassing data. These parameters not only fit the data obtained in this 

study, but that obtained by Coronell et. al. [14] for a 316L EPSS tubing with an 

unreported surface roughness. Since the number of surface sites for EPSS was not 

generally agreed upon in the literature and since the surface roughness will effect this 

number, S was allowed to vary during the fitting procedure. The final value of Sis also 

listed in Table 8.1. 

Table 8.1: Kinetic parameters of multilayer 
model for EPSS (1 0 Ra) 

kao {cm3/min} 2.9 X 10-u. 

kdi {1/min} .082 

kal {cm3/min} 2.6 X 10-u 

kd2 {1/min} 5.8 

a { 1/min} 909 

b {em"} 9 X lo-•.) 

S {cm-.L} 1.14 X lOI't 

Figure 8.6 shows the fit of the multilayer model to experimental APIMS data taken by 

Coronell et. al. [14]. They used a longer 1;4" tube, 200 em in length, a purge gas flowrate 

of 1 SLPM, a challenge of 110 ppb moisture, a purge gas concentration of 200 ppt H20 in 

N2, and a sample temperature of 25 °C. These conditions were entered into the 

simulation package, and again, the multilayer model for moisture outgassing on EPSS 

predicted the data quite well. This agreement was obtained despite the fact that the 
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surface roughness of the Coronell et. al. sample may have been different than for the 

sample upon which the kinetic constants in Table 8.1 are based. 
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The isotherm predicted by the multilayer model, in terms of total mono layers 

(based on S = 1.14 X 1014 cm-2
), is shown in Figure 8.7. The value_predicted at 85 ppm 

of2.1 X 1015 molecules/cm2 compares favorably with the 2.3 X 1015 found by Coronell 

et. al. While this isotherm gives the integrated amount of moisture on the surface, it does 

not show how the moisture is distributed. This is one of the central features of the model, 

tracking the different 'types' of surface moisture. Figures 8.8 and 8.9 show how the 

moisture is distributed at four different moisture challenges, 0.5, 5, 35, and 70 ppmv. 

Figure 8.8 gives the distribution of sites, or n;, while Figure 8.9 gives the loading of each 

layer, the m;. 

Since n; are the number of stacks of height i, at higher challenge concentrations 

there are fewer sites with just a few water molecules stacked upon them. This is the 

explanation for the decrease in the lower indexed sites as we move from .5 to 70 ppm. 

For a given gas phase concentration, there exists a maximum n; in the distribution, at 

higher concentrations this maxima moves into the higher stacks. 

The situation is much clearer when examining the change in layer loading as a 

function of gas phase moisture challenge concentration. Those layers closer to the 

surface will always have more molecules per unit area in them. This is detailed in Figure 

8.9. At higher gas phase concentrations, the populations in the lower layers approach 

1.14 X 1014
, the total number of surface sites. The word approach is utilized, because 

according to the multilayer equilibrium equations, as in BET theory, probability dictates 
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that some bare surface sites will always remain. At higher concentrations, however, this 

scenario becomes less likely. 

8.3 SUMMARY OF EPSS OUTGASSING 

As mentioned earlier, the goal of studying the outgassing ofEPSS was not simply 

to add to the subject area, but to determine whether the multilayer kinetic model could 

accurately reflect the data of a metal oxide surface known to dissociatively chemisorb 

moisture and form multilayers. While more EPSS data could have been gathered, it was 

felt that the modeling results illustrated that the multilayer model formulation, which 

included dissociative chemisorption, and a variable activation energy of desorption 

(dependent upon distance from surface and number of intermolecular interactions), would 

work on a more relevant and less studied surface, silicon oxide. 

8.4 INTRODUCTION TO THE OUTGASSING OF Si02 SURFACE 

Once a working reactor design had been reached, two identical reactors were 

made with the same number and type of silicon wafers. One reactor was used to perform 

low concentration moisture challenge experiments on the APIMS, and the results are 

discussed in Section 8.6. The twin reactor was used to perform high concentration 

experiments on an ElMS. These experimental results are presented in Section 8.7. 

Initially, heavy water studies were performed to experimentally determine if moisture 

dissociatively chemisorbed to the silicon oxide surface. These experiments will now be 

discussed in Section 8. 5. 
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8.5 HEAVY WATER STUDIES ON SI02 USING APIMS 

As mentioned in Section 5. 7, deuterated moisture challenges were utilized in an 

attempt to determine if moisture adsorbing on the bare silicon oxide surface is molecular 

or dissociated in nature. This can be accomplished by various experiments. The 

experiment first undertaken was to take a wafer surface with a low loading of H20, and 

expose it to pure D20. If some of the H20 is present as SiOH groups, as SiOD groups 

begin to form next to these, recombination of SiOH surface groups with adjacent SiOD 

groups should desorb ODH into the gas phase. 

The aforementioned problem is that m/e = 19 forms in the APIMS plasma from pure 

H20 and D20. Therefore, a calibration relationship needs to be determined between the 

amount of these two species (factors) and the APIMS response at m/e = 18, 19, 20. The 

calibration procedure consisted of feeding gas mixtures of H20 and D20 directly to the 

APIMS source from the DIS using a very short V4" EPSS tube. Table 8.2 shows the 

various mixtures and the APIMS response in counts per second. 

Table 8.2: APIMS response to different H20/D20 gas mixtures 
H20 (ppb) D20 (ppb) 18 (cps) 19 (cps) 20 (cps) 

4.85 4.85 33810 11350 1480 
4.94 7.41 30500 17600 3570 
5.02 10.05 23500 20400 6100 
7.7 10.27 33350 23000 5750 
10.5 10.5 52360 28850 6020 
10.13 5.06 55800 15500 1760 
10.31 7.73 55700 21600 3110 
7.57 7.57 41850 18990 3230 

0 5.16 505 2410 4440 
0 7.87 300 2650 10000 
0 10.7 210 2500 16200 

4.2 0 38500 2537 140 
6.5 0 44700 2250 146 
8.8 0 56300 2650 183 
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A full-factorial design of experiments, in this case four experiments (two factors at 

two levels yields four experiments), has been analyzed using Yates' technique. The 

analysis can be found in Appendix A. This technique allows the quantification of the 

main and interactive effects of H20 and D20 on the 18, 19, and 20 signals in the APIMS. 

It was found that main effect on m/e = 18 was H20 at 87%. Heavy water lead to 

11% of the variation in m/e = 18. The combined effect of H20/D20 was only 2%. The 

signal at m/e = 20 was due exclusively to D20 (f= .99). The problem is that m/e = 19 is 

influenced by H20 (34%) and by D20 (60%), as well as by the H20/D20 (6%) combined 

interaction. 

Each m/e was fit to the following equation using a non-linear regression technique; 

(8.2) 

This allowed the calculation of the actual concentrations of H20 and D20 in the source 

for a given APIMS scan. 

With this in hand, the experiment described above could be examined i.e. the 

concentrations of water and deuterated water in the reactor could be found as a function 

of time. The problem, however, is there is no way to determine the concentration of 

ODH in the gas phase leaving the reactor! Some of the water and deuterated water is 

being converted to ODH in the source and some is being converted by surface adsorption 

and rearrangement, but there is no way to quantify either separately. 
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What is needed is a ODH permeation device so that a [OOH] factor can be added 

to Equation 8.2. Then the experimental data could be analyzed fully. Unfortunately. 

OOH permeation devices do not exist at this time. 

Figure 8.10 shows the response of a reactor packed with silicon wafers which 

have some surface moisture on them (as evidenced by a non-zero start for water) to a 160 

ppb pure 020 challenge at time zero. This reactor utilized the non-electropolished 

spring/wafer modules. 

The graph shows a slow grov.,th in the deuterated water signal. This is due to 

adsorption on the oxide surface and conversion of the 0 20 into m/e = 19. After 120 

hours. the 0 20 challenge gas is switched to zero gas and the desorption begins. 

Subsequent baking of the surface was performed to determine if the ratio of 0 20/H:!O 

changed V~ith temperature. This would indicate which species was in greater supply in 

the tirst layer. This ratio increased up until 160 °C. where the ratio was nearly one. This 

may indicate the release of subsurface moisture. 

Figure 8.11 shows the identical experiment but examines the raw APIMS counts. 

Upon introduction of pure 0 20 to the reactor inlet. the 19 signal begins to climb. This 

could be from the dissociative surface reaction of 0 20 or from plasma reactions in the 

APIMS source. Heating the surface. however. clearly shows large increases in the 19 

signal in the APIMS source. Examining the peak at 79 °C we see that the counts of 18. 

19. and 20 are 31.000. 30.000 and 8345. respectively. Three equations of the form of8.2 

(one for each rnle) can be solved using the counts for 18 and 20 as inputs. The value 

predicted for rnle = 19 is only 4400 cps. That would be what is formed in the source 
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from water and heavy water. Since. the actual value is 6 times the predicted value. the 

difference must be due to the release of ODH from the surface. 

While the extent of dissociative adsorption cannot be determined (i.e. is all the 

surface moisture dissociated or some fraction), this experiment is indicative that some 

degree of moisture dissociation is occurring on the silicon oxide surface. 

8.6 OUTGASSING OF Si02 SURF ACE AT LOW CONCENTRATIONS 
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Figure 8.12 shows the outgassing of the silicon wafer packed reactor after a 193.6 

ppb moisture challenge at 23, 91. and 150 °C. The purge gas flowrate of zero grade N1 

was 286 sr.cm for all experiments. This data represents the first time the outgassing of 

moisture in the sub-ppm. atmospheric pressure regime has been obtained for the silicon 

oxide film that exists on the Si < l 00> wafer surface. The moisture concentration of the 

purge gas was 500 ppt. 

The initial amount of surface moisture per unit area of wafer surface. that which is 

in equilibrium '-"ith the gas phase challenge at the challenge/desorption temperature. was 

determined by integration under the experimental outgassing curve and post-desorption 

annealing curve. Figure 8.13 shows the desorption step at 23 °C, followed by the post

desorption, high temperature surface anneal. The amount of moisture released during 

each temperature step increase, decreases. as evidenced by the peak-height. At 400 °C. 

permeation of moisture through the reactor walls becomes significant and the baseline is 

raised significantly. 
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Table 8.3 shows the amount of moisture released during the dry down and post

bake steps for each experimental run. The total surface loading is, as expected, 

decreasing as the experimental temperature increases. This is indic~tive of an increase in 

the desorption rate relative to adsorption, thus shifting the equilibrium to lower surface 

coverages. The amount of moisture adsorbed on the silicon oxide surface is less than that 

ofEPSS. The amount of moisture on the EPSS surface at 23 °C, is on the order of7.5 X 

1013 molecules/cm2. This translates to .7 ML on EPSS (10 Ra). For the Si02 film, the 

surface loading was 4.6 X 1013
• As mentioned Chapter 4, the number of surface sites (Si

OH) groups that form is well-defined for the amorphous silicon oxide surface at 4.5 X 

1014
• Therefore, the coverage on the wafer surface at this challenge level is only 0.10 

ML. This number is even lower when we consider that some of this "surface" moisture 

must have originated from the bulk oxide as internal hydroxide groups. According to 

Erkelens et. al. (Section 4.3.1) as much as 60% of the water released during the high 

temperature annealing step could be bulk water (the rest from silanol groups at the 

surface). Thus, the experimentally obtained loadings merely serve as an upper bound to 

the amount of loading predicted by the model. The actual loading predicted by the 

multilayer model, once the rate constants had been determined, was more than the 

desorption loading, but only 60% (on average) of the total experimental loading including 

annealing. 
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Table 8.3: Variation is surface loading/em.!; Si02 surface with temperature 

Temperature (°C) Desorption Loading Desorption + Bakeout 
23 1.9 X 10u 4.6 X10.., 
91 1.0 X 10'"' 2.8 X10u 
150 8.7 X10 1

.,!; 2.3 X10.., 

Figure 8.14 shows the fit of the multilayer model to the Si02 outgassing data 

obtained at 23 °C. The model fits the experimental data very well. The kinetic constants 

of the model for moisture on Si02 are given in Table 8.4. In order to fit the outgassing 

data, there has to be a distribution of moisture on the surface. This is a model 

requirement so that there is a range of energetics. Only then can the initial and later 

parts of the curve can be fit. With such a low surface coverage, < .1 ML, in order to get 

moisture into n2 and n3 stacks, ka had to be smaller than the adsorption rate constant for 
0 

the upper layers. This is consistent with the following explanation. It was noted in 

Chapter 4, that the rate of rehydroxylating the siloxane bridged surface is thought by 

many to be very low, due to its 'hydrophobic' nature. Because bonds need to be broken 

to form the first layer, proper molecular orientation in relation to the surface is likely 

much more important for adsorption on the bare surface than adsorption of molecular 

water upon surface hydroxyl groups. 

The fit of the model to the outgassing data obtained at 91, and 150 °C are shown 

in Figure 8.15. Since the rate constants vary with temperature, this data allowed the 

determination of the activation energies for the various terms. The calculated activation 

energies are also shown in Table 8.4. 
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Table 8.4: Kinetic parameters of multilayer model 
for then-doped, Si <100> oxide surface 

Rate constant 23 °C Activation 
Energy 

(kJ/mole) 

kao {cm3/min} 1.63 X 10-11 11 

kdi {1/min} .0055 17 

ka1 {cm3/min} 2.0 x 1o-·" 2 

kd2 {1/min} 21 9 

a { 1/min} 32 ~o 

b {em"} 1 X1o-·.) NA 

S {cm-L} 4.5 X10 ... NA 

Examining the activation energies for the two adsorption rate constants, one 

immediately sees that the activation energy for the upper layers is low, only 2 KJ/mole. 

This is agreement with the discussion in Chapter 4, the activation energy barrier for 

physical adsorption of molecular water should be relatively low. The activation energy 

for the bare surface, where moisture dissociatively chemisorbs, is greater than that of the 

upper layer adsorption rate constant at 11 KJ/mole. 

The desorption activation energies seem reasonable. As expected, the desorption 

activation energy for the first layer is greater than that of the second layer. Interestingly, 

the activation energy of desorption for water in the first layer was found to be identical to 

that reported by Dultsev (Section 4.3.1). The desorption activation energy for the second 

layer was lower than reported in the literature, at 9 kJ/mole, although a wide range from 

12-25 kJ/mole can be found (Section 4.3.2). A value of9 kJ/mole certainly seems 
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reasonable compared to the first layer value of 17 kJ/mole. Activation energy values for 

ka
2 

at 17 kJ/mole or more would not make physical sense. The activation energy 

discussion here. may be overzealous. as only three temperature sets were used to obtain 

the activation energy values. The activation energies. however. seem to follow the 

expected trends. 

In order to have more confidence in the model parameter. a, and any confidence 

in the parameter b. experiments with higher surface loadings needed to be conducted. 

The model output in the APIMS concentration range. while influenced by a. is only 

weakly influenced by b. That is because b will greatly influence the distribution. loading 

and desorption kinetics of the higher layers. At these low surface coverages. b has much 

less of an effect. As b is optimized. a will have to change as well. This was the 

motivation behind the ElMS experiments discussed in the next section. 

If the current a and b values held. it would mean the £ 0 term in Equation 6.26 is 

very nearly zero. It would also indicate that the maximum activation energy for a 

molecule of water surrounded by full layers of moisture would only be on the order of 1 

KJ/mole: far less than the heat of vaporization of water at 40.6 kJ/mole. One would 

expect it to be less, as adsorbed layers such as those proposed in the model are much 

more ordered than liquid water. These molecules would have fewer immediate neighbors 

and thus experience fewer intermolecular interactions. 

Under the assumption that the activation energies hold for the various kinetic 

constants, we can examine how the observed activation energy varies as a function of 

instantaneous surface coverage. Figure 8.16 shows how the activation energy varies as a 
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function of the instantaneous surface loading (non-equilibrium) according to the model. 

This surface was initially challenged with .5 ppm moisture loading. As the lower indexed 

sites, those with higher activation energies of desorption, are covered with physisorbed 

water, the observed activation energy of the surface is low-- 2 kJ/:rrtole. As the surface 

cleans (moving toward the left on the x-axis), the observed activation energy approaches 

that of the n1 sites only, 17 kJ/mole. In between the two limiting desorption activation 

energies, the curve is linear. The slope of this region, and the limiting values are 

dependent upon a and b. 

8.7 OUTGASSING OF Si02 SURFACE AT HIGH CONCENTRATIONS 

The experiments and procedures were analogous in scope (see Chapter 5), but 

differed at four points: 1) a very large permeation device was required for calibrating the 

ElMS and generating the challenge gas 2) the sample had to be drawn into the mass 

spectrometer through a capillary whereas in the APIMS it is pressure driven flow 3) 

heating tape was used to anneal the silicon wafer reactor, as there was only one high 

temperature reactor available 4) the ElMS moisture baseline could not be brought below 

10 ppm, even though the reactor was being purged with N2 carrying less than 100 ppb of 

moisture. Only the last three points are relevant. 

The heating tape was not capable of very high temperatures (150 °C max.). This 

has two ramifications; 1) the high concentration reactor could not be properly pre

conditioned, i.e. a some of the siloxane bridge sites were probably not generated 2) the 

moisture remaining on the surface after reaching the system baseline could not be 
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removed in a post-desorption bake. The fact that the ElMS moisture background was 

higher than the purge gas means that the amount of water lost from the surface between 

10 ppm and 500 ppb could not be detected. Even if the heating tape could reach a higher 

temperature. much of the moisture released from the surface in this manner may have 

been lost in the high instrument background. The high background may have been 

related to the sampling system necessary with the ElMS. 

All of these effects lead to experimental under-predictions of the total surface 

loading. Therefore. the amount of moisture determined experimentally between 115 and 

230 ppm. and the system baseline. will be a low approximation to the total surface 

moisture adsorbed during the challenge step. 

Figure 8.17 shows the moisture outgassing data obtained using ElMS for the high 

concentration moisture challenges of the silicon wafer reactor. There are three curves. 

two for a 230 moisture ppm challenge at 300 and 600 seem. and one for a 115 ppm 

challenge at 600 seem. All were performed at 23 °C. The surface loadings were obtained 

by numerically integrating under the outgassing and b<lA.e-out curves. The values 

calculated for the three experiments are shov.n in Table 8.5. For the 230 ppm challenge. 

the calculated Loading, at 300 & 600 seem. varied by less than 8%. The value at 300 

seem is more accurate. as more of the data points are above the instrument noise. than in 

the case of purging at 600 seem. In terms of the number of mono layers. based on 4.5 X 

10 15 sites. there exists in excess of 17 full monolayers on the silicon oxide surface at an 

exposure of230 ppm. 
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Table 8.5: Variation in surface loading/cmL 
Si02 surface with challenge 

Temperature ec) Desorption Loading 
230 7.4 X 101.) 

230. repeat 8.0 X 1 on -

115 5.3 X 101.) 

The multilayer outgassing model was run, using the kinetic parameters found in 

the low concentration regime, to try to fit the outgassing data in the high concentration 

regime. In attempting to do this, numerical problems arose that warrant further 

discussion. 

8.8 NUMERICAL DIFFICULTIES IN HIGH CONCENTRATION REGIME 

When attempting to fit the high concentration outgassing data, some problems in the 

numerical solution scheme were uncovered. A possible solution was being examined at 

the time of print, and will be discussed in the next section. Problems exist in both the 

equilibrium solution scheme, using TKSolver, and in the Fortran code used to solve the 

kinetic equation of the gas phase and surface. These problems are interrelated and will 

now be discussed. 

When the surface loading is very high, and a low b value is used, very high stacks 

will form according to the model. Thus, the number of equations that TKSolver must 

solve increases as well for the initial, equilibrium condition. When an appreciable 

number of molecules reside in layers as high as 100, TKSolver can not find the roots or 

the n; ( t = 0 ). This is despite the fact that it uses the best available technique for solving 
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highly non-linear. coupled algebraic equations. The reasons for this are three-fold: l) 

the number of equations is too great 2) the no. n1 etc. become very small 3) the 

problem becomes extremely dependent on the initial guesses entered into the software. 

The first problem essentially limits the solution to cases when nmllX < 100. Even when the 

number of equations is lower than the maximum permitted. problems 2) and 3) keep the 

scheme from working. It is the tremendous non-linearity of the exponential term. in 

conjunction with the fact that the higher mt depend on every n beneath them. This degree 

of coupling causes convergence issues. At high coverages. the range in n is from nearly 

zero to 4.5 X 1014
. Since n;+1 depends on n;, according to the equilibrium equations. an 

error in one tenn propagates through all the ni equations. 

If b is increased. the max n; is reduced. We have found that b should indeed by 

larger. perhaps in the 1 X 10"14 to l X l o- 13 range. This in essence gives a greater 

variation in desorption activation energy as we move away from the surface by making 

kct. much more sensitive to b. Reducing the number of equations. however. did not 
I 

eliminate the convergence problems in TKSolver. At higher b. the convergence scheme 

became extremely sensitive to slight changes in any kinetic parameter: at one value it 

would converge. but when it was changed by .I %. could not find the roots. 

Additionally. when the challenge concentration and surface loading increase. the 

number of equations in the kinetic portion of the solution scheme, also increase. Solving 

over 100 discretized. ODEs iteratively becomes a very slow procedure. Due to the highly 

coupled and non-linear nature of the ODEs. i.e. they are very stiff, very small time steps 

needed to be taken to prevent numerical divergence. Therefore, even if the initial 



173 

conditions could be found for a set of rate constants, the numerical prediction of the 

outgassing curve is very time consuming. With this procedure, it becomes very difficult 

to quickly explore the effect of all the parameters on the outgassing curve so that an 

agreeable fit could be determined. 

8.8.1 POSSIBLE SOLUTION TO NUMERICAL PROBLEMS 

At the time of print, a possible solution was being investigated for the numerical 

problems encountered when trying to solve the multilayer equilibrium/kinetic equation. 

To this point, there is no reason to believe that the model is invalid or cannot be extended 

to the high concentration regime. What is needed is a better solution scheme. 

A program called LSODE was developed by Lawrence Livermore National 

Laboratory in order to solve very stiff sets of ordinary differential equations of the form; 

dy = f(y,t) 
dt 

(8.3) 

It can internally compute the Jacobian matrix, dfldy, using difference quotients, or the 

matrix can be user-supplied. In the case of the multilayer kinetic equations, since the 

number of equation varies with the challenge concentration, the internally calculated 

Jacobian can be used. It uses backward differentiation formula (BDF) methods to solve 

stiff ODEs. The linear systems that arise are solved using LU decomposition methods. 
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The solution procedure will consist of the following; 1) LSODE will first be used to 

solve the equilibrium case i.e. solve for all n; at t = 0, Cg =challenge 2) LSODE will 

then be used to solve the gas phase conservation equation (Eqn. 7.8, for a differential 

reactor) simultaneously with the site balance equations (Eqns. 6.28_- 6.31 ). 

For the equilibrium scenario, the site balance ODEs will be used, not the algebraic 

equations (Eqns. 7.4 - 7. 7). The challenge concentration will be substituted in for Cg, 

guesses will be entered into LSODE for the initial n;, and the program will be told to 

solve for the n; at a very long time. If the guesses are sufficient, and the time is long 

enough, the method should converge to a set of n; that is then used as the initial 

conditions to the time dependent (kinetic) portion. 

The gas phase conservation equation constitutes one more ODE to add to the set of 

site balance equations. This equation will be entered into LSODE and the entire set of 

ODEs will be solved simultaneously. The initial conditions for n; are found using the 

method above, and the gas phase concentration at the inlet is now changed from the 

challenge gas to the purge gas. The m; values used in the dnldt equations will be the 

values of m; at the last time in order to gain linearity. 

Early results have shown that this method gives the same starting distribution and 

final results as the TKSolver/Iterative Euler solution method at low concentrations. The 

high concentration regime, where the number of equations is in excess of 1 00, and larger 

values of b are being explored to see if LSODE can maintain convergence under these 

conditions [20]. 



8.9 ELOVICH EXPRESSION IN HIGH CONCENTRATION REGIME 

8.9.1 INTRODUCTION 
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The hope of the multilayer adsorption/desorption model was to accurately predict 

the behavior of moisture on the silicon wafer surface over the concentration range that it 

experiences. from atmospheric to sub-ppb levels of moisture. and to do it based on first 

principles and not empiricism. While the model has been shown to perform well in the 

low-concentration regime. and is expected to in the high concentration region. until the 

numerical problems are solved. making predictions at atmospheric moisture levels is not 

a realistic objective. 

In the interim. another multilayer adsorption/desorption model should be used to 

fit the newly acquired data for the silicon wafer surface. Elovich · s desorption expression. 

Equation 3 .1. which assumes a linear decrease in the desorption activation energy with 

fractional surface coverage. is the next best model. 

Figure 8.16 shows how the observed activation energy of the surface predicted by 

the multilayer kinetic model varies with instantaneous surface loading (L, Eqn. 6.14 ). 

The variation is linear. Therefore. it is understandable why Elovich · s heuristic approach 

to modeling the desorption rate predicts the data well. 

8.9.2 OUTGASSING MODEL UTILIZING ELOVICH KINETICS 

The outgassing model utilizing Elovich • s outgassing expression, consists of 

solving the equation for the differential reactor (Eqn. 7.8) in the following form; 
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(8.4) 

where the following expressions are used for the adsorption and desorption rates; 

(8.5) 

h( Cs ) 
R _ 4.sEt4 C 

des- ge s (8.6) 

in conjunction with the conservation equation for moisture on the surface; 

(8.7) 

The initial condition for Cg is the challenge gas concentration. The initial condition for 

Cs can be found by setting Eqn. 8.7 to zero and solving for Cs through a simple iterative 

technique. 

The numerical approach was identical to that outlined in section 7.4, using Euler's 

equations for the ODEs and iterating in Cg at each time. The FORTRAN code can be 

found in Appendix D ( elovich.f). 

8.9.3 FIT OF ELOVICH KINETICS TO HIGH CONCENTRATION DATA 

Figures 8.18, 8.19, 8.20 show the fits of the outgassing model with Elovich 

desorption kinetics to the ElMS high concentration data found for Si02. The raw ElMS 
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baseline counts were forced to coincide with zero ppm as part of the two-point linear 

calibration for moisture. The model predicts the data fairly well, given its simplicity of 

having only three rate constants. The rate constants that describe the Elovich outgassing 

model on the silicon wafer surface are given in Table 8.6. The fractional surface 

coverage was defined as the total surface loading (molecules/cm2
) divided by the loading 

for one monolayer, 4.5 1015 molecules/cm2
. For these challenge levels, this translates to a 

fractional surface coverage, e, of 29 ML. The isotherm for the Elovich outgassing model 

is shown in Figure 8.21. At a moisture concentration of 15,000 ppm, which is typical of 

clean-room moisture levels, the surface coverage seems reasonable at 2.0 X 1016 water 

molecules/cm2 Si02, or 43 ML. 

Table 8.6: Elovich outgassing kinetic 
parameters for moisture on Si02 

Rate Parameter Value EA (kJ/mole) 
ka {em/min} 0.5 .46 
g {min-•} 2.0 X 10-' 43.2 
h 0.3 NA 

With the kinetic parameters for moisture adsorption on the oxide of the Si<lOO> 

surface determined, we can move to higher concentration ranges and temperatures. One 

of the critical questions being asked by IC manufacturers is: what effect does moisture 

contaminant have on the gate oxide thickness? Moisture contaminant that is brought into 

a high purity, high temperature environment with the wafer load could lead to an 

uncontrolled and unknown oxidation of the wafer surface. When attempting to grow high 

quality, uniform gates less than 30 in thickness, a few monolayers of moisture could 
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adversely affect the gate oxide growth process. Using the outgassing model with Elovich 

desorption kinetics. a case study on the effect of moisture contaminant on the thin gate 

oxidation process will be examined in Chapter 9. 

8.10 CONCLUSIONS ON THE OUTGASSING OF Sl WAFER SURF ACE 

The primary objective in investigating the outgassing of the silicon wafer surface 

was to obtain data never before seen. both at low (sub-ppm) and higher exposure levels. 

This was accomplished by the use of a novel reactor setup. in conjunction with APIMS 

and ElMS metrology. Outgassing curves were obtained at different temperatures. 

challenge concentrations and purge gas flo\\#Tates. 

The secondary objective was to use the data to develop a multilayer kinetic model 

that describes the interaction of moisture with the Si0:2 surface. The model included the 

kno\\ln chemical interactions of the dissociative chemisorption of moisture on the 

siloxane bridged surface, followed by physical adsorption in multiple layers. Variable 

desorption activation energies were included based on proximity to the surface and on the 

number of intermolecular interactions a water molecule experiences. 

Heavy water studies, while not conclusive in terms of the percentage of moisture 

in the first layer that is dissociated, did seem to show that the dissociative chemisorption 

of moisture on the silicon oxide was occurring to some extent. 

The model was sho\\ITI to describe the experimental outgassing data at low 

concentrations, and low surface coverages. very well. This was also true for the EPSS 

surface. Numerical problems were encountered. however. when the model was extended 
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to higher exposure concentrations. and the higher surface loadings they entail. These 

problems are due to the highly coupled and non-linear nature of the surface site balances. 

In essence. the model was proven to work at low coverages. but has yet to be proven or 

disproved to work at high coverages. While four of the rate parameters could be 

established. two remain adjustable (a and b). and can only be verified when the numerical 

difficulties are overcome. 

A different numerical approach. one that has shown promise in the high 

concentration region where the number of equations becomes great. is currently being 

examined. It is based on the program LSODE developed by Lawrence Livermore for 

very stiff ordinary differential equations. 

In the interim. a three parameter multilayer model has been tit to the newly 

acquired silicon wafer outgassing data. The model utilizes an Elovich desorption rate 

expression first utilized by Verma [20] for impurity adsorption on surfaces. Although. 

the desorption rate expression is semi-empirical in nature. the model-data agreement was 

reasonable. Furthermore. the predicted loading at clean-room conditions of 2.0 X l 0 16 

molecules/cm2
• or 43 ML, seems reasonable. This model will allow a case study on the 

effect of residual moisture contamination (that moisture brought into the process with the 

wafer from the previous process step) on thin. gate oxide uniformity to be performed. 
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CHAPTER9 

CONTROL OF RESIDUAL MOISTURE DURING THIN GATE OXIDATION 

9.1 INTRODUCTION 

In semiconductor processing tools. moisture arises from a variety of sources. It 

may be carried in with the bulk/process gas, or m;:·· permeate through the boundaries of 

the system. There are indications that moisture permeating through the quartz wall is 

significant enough to impact the electrical properties of oxides formed during a dry 

oxidation process [86]. Examining a tool. such as an oxidation furnace. moisture can 

back-diffuse against the laminar flow of the purge gas and distribute throughout the entire 

reactor. Perhaps the largest source of impurity ingression is the wafer load itself. 

Moisture can enter adsorbed on the wafer and wafer boat surface. or in rhe stagnant gas in 

between two wafers, termed an inter-wafer spacing. This type of moisture is termed 

residual moisture contamination as it is brought into the tool from the previous process 

step. It is also the most relevant source of moisture contamination as it has already either 

reached the wafer surface or is in intimate contact with it. 

Moisture control in process tools requires the knowledge and identification of all 

of the moisture sources and transport mechanisms. coupled \\lith the ability to quantify 

their individual contributions. Many of the moisture sources and transport modes have 

been examined previously [20. 30, 86, 87]. Among the common process tools in 

semiconductor manufacture, tube furnaces have been used for oxidation. diffusion. 

annealing, and various deposition processes. Conventional horizontal tube furnaces are 

losing favor as contamination issues become more critical in wafer processing. For 
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processes that require careful and reproducible temperature control, such as LPCVD, 

vertical furnaces offer improved performance. They guarantee uniformity in processing 

by maintaining laminar flow and not separating mixed gases as they flow down the 

reactor tube [88]. In Cheung's study on contamination issues related to vertical thermal 

reactors [86], the presence of oxygen and moisture was attributed to permeation through 

the quartz wall, back diffusion, the impurity content of the carrier gas, leaks within the 

gas distribution system and an inefficient furnace door seal. Verma et. al. [20, 87] used 

fluid flow simulation techniques to study gas velocities in a vertical furnace. The 

simulation incorporated the effects of convection, molecular diffusion, and heat transport 

by conduction and radiation on the overall flow and thermal fields in the reactor. A 

comprehensive species balance was written to describe the impurity concentration inside 

the furnace during various purge stages. The analysis included multiple impurity sources 

such as outgassing of the wafers and furnace wall, permeation through joints, and back 

diffusion. 

Silicon dioxide is used in devices to passivate the silicon surface, to act as a 

doping barrier and serve as a dielectric. Formation of a passivation layer on the silicon 

surface is conveniently carried out by thermal, dry or wet oxidation. The oxide layers 

used in silicon-based devices vary in thickness. The thickness of the field oxide usually 

ranges between 3,000 to 10,000 A, whereas the oxide used in gate oxides (capacitor 

dielectrics) is only 20 to 90 A. By the tum of the century the gate oxide thickness is 

predicted to be less than 20 A in thickness. With only a few mono layers of oxide 
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constituting the gate. the issues of oxidation control and uniformity become of paramount 

concern. 

The gate oxidation is often performed in a multi-wafer reactor. such as a vertical 

thermal reactor. where a stack of closely-spaced wafers are oriented normal to the 

direction of purge gas flow. Numerous studies [20. 30] have shown that the dominant 

mode of impurity transport in the stagnant gas phase region of the inter-wafer spacing is 

molecular diffusion: the radial penetration of the axial component of purge gas velocity 

into the wafer spacing of a conventional vertical thermal reactor being negligible 

The focus of this chapter is to determine the fate of residual moisture 

contamination in the reactive zone (inter-wafer spacing) of atmospheric pressure. vertical 

oxidation furnaces (VTRs) and small batch fast ramp reactors (SBFRRs) used to grow 

thin gate oxides. This is accomplished by linking the multilayer. Elovich 

adsorption/desorption model discussed in section 8.9 with an expression for the 

maximum oxidation rate as a function of oxide thickness. This procedure was discussed 

in section.6.+. Using the model. the oxide growth and uniformity due to residual 

moisture contamination will be explored as a function of processing parameter such as 

temperature, purge gas quality. and wafer size. 

9.2 ADSORPTION/DESORPTION/OXIDATION KINETICS 

The mathematical model that describes the fate of moisture impurity from the 

inter-wafer spacing (the space between two wafers) of a vertical furnace must include gas 
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phase and wafer surface m0isture conservation equations. During wafer introduction into 

a VTR or SBFRR. impurities trapped in the stagnant gas between wafers gradually 

diffuse into the annulus of the reactor and are eventually swept from the reactor by a high 

flow of inert purge gas (10 SLPM or more). As the concentration of moisture in the 

stagnant gas phase of the inter-wafer spacing decreases, it is supplied with more moisture 

outgassing of the Si02 surface. 

Moisture contaminants originate from the loading and unloading of the wafer 

stack where wafers are often intimately exposed to ambient conditions. Given ample 

exposure time, equilibrium between the ambient gas phase and the wafer surface is 

established and the wafer is loaded ~ith impurity. The equilibrium relationship 

ultimately determines the surface loading. An analogous situation occurs when oxygen. 

trapped in the inter-wafer spacing after oxidation. must diffuse out during removal under 

inert purge. 

Figure 9.1 depicts the various modes of impurity distribution and transport ~ithin 

an inter-wafer spacing in a vertical oxidation furnace. In order to accurately predict the 

clean-up of the inter-wafer spacing, and determine the fate ofthe gaseous and surface 

moisture, these mechanisms must be characterized. Although the principles of adsorption 

and desorption apply to all species. such as oxygen. the main focus of this study is 

moisture. 

As sho~n in Figure 9.1, the gas phase conservation equation for an inter-wafer 

spacing (IWS) should be written in cylindrical coordinates and include accumulation. 

diffusion, adsorption, desorption, and sub-surface permeation and oxidation terms. As 



discussed in the introduction to this chapter, convection in the IWS can be neglected. 

The balance equations that constitute the model for moisture transport in the IWS will 

now be discussed. 

UHP Purge Gas 

Adsorption/Oxidation Desorption 

Figure 9.1: Moisture sources and transport modes within an inter-wafer spacing 

9.2.1 SURF ACE (ADSORPTION/DESORPTION/OXIDATION) BALANCE 
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The balance equation for the wafer surface, Equation 8.5, needs to be modified to 

include the permeation through the oxide and oxidation of the underlying silicon of 

moisture in the first layer. In addition to desorbing from the oxide surface, there is 

another pathway by which surface moisture concentrations may decrease. Permeation of 

moisture through the underlying bulk oxide and further oxidation of the silicon substrate 

can occur at elevated temperature. This is the mechanism by which residual moisture 
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impurity can cause uncontrolled oxide growth, and depending on reactor design, possibly 

non-uniform oxide growth. This is shown in Equation 9 .1. 

(9.1) 

Using the same reasoning as outlined in section 6.5, the maximum oxide growth rate for a 

fully saturated surface should be scaled by the fractional surface coverage defined as 

C/Cs (where Cs = 4.5 X 1 014
). As long as the oxide is covered by one layer of 

max max 

moisture, the rate should proceed at its maximum rate based on the oxide thickness. The 

oxidation term includes both the diffusion of surface moisture through the oxide as well 

as reaction with the underlying silicon substrate. When the first surface layer is fully 

populated ( @> 1.0), then the reaction should proceed at its maximum rate and the 

weighting function, e will be unity. If the fractional surface coverage is less than unity, 

than the rate is scaled by e. 

The maximum oxidation rate term is a variable component in the model. At the 

time of publication, several new oxidation models for thin oxides were being explored. 

As a first approximation, Deal and Grove wet oxidation kinetics were utilized [89]. 

According to Deal's linear-parabolic oxidation model, the growth rate proceeds as: 

dx D·Cg ·NAvin 

dt x+Diks 
(9.2) 



Therefore, the expression for Rox is given by; 

R - dx 
ox- p dt 

where p-1 is the volume of oxide created per mole of moisture consumed during the 
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(9.3) 

oxidation of silicon. The linear growth rate of oxide in Equation 9.2 must have units of 

em/min. 

The initial surface concentration of impurity is found from the equilibrium 

relationship established between the gas and the silicon oxide surface in the clean-room 

environment (25 °C, 1.5% moisture). This relationship is found by setting Equation 9.1 

to zero (oxidation can be neglected at this low temperature) resulting in the following 

equation: 

Co== kads Co 
s k g 

des 

9.2.2 GAS PHASE BALANCE FOR MOISTURE IN IWS 

(9.4) 

For a single inter-wafer spacing in a VTR or SBFRR (cylindrical geometry), the 

impurity conservation equation for the gas phase includes adsorption, desorption, 

accumulation and diffusion: 
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(9.5) 

The gas phase only interacts with the surface through adsorption and desorption. 

Permeation and oxidation of moisture in the first layer will simply increase adsorption 

and affect the gas phase concentration through the boundary i.e. gas-solid interface. The 

initial and boundary conditions for the above equation are: 

cg == c; all r,t == 0 

8Cg 
--==0, r==O 
or 

(9.6) 

(9.7) 

(9.8) 

The gas and surface phase impurity balances (Equations 9.1 and 9.5) are simultaneous 

partial differential equations, and along with the boundary and initial conditions, were 

solved using an implicit, finite difference technique (analogous to Section 7.3). At each 

radial location in the inter-wafer spacing, the equations were solved by iterating in time. 

The FORTRAN code for the IWS model is given in Appendix E (oxidation.±). 

9.3 MODELING RESULTS: THIN GATE OXIDATIONS IN VTRJSBFRR 

One of the most critical dimensions in chip manufacturing is the thickness of the 

gate oxide. As. gate oxides approach the sub-30 A regime, a well-controlled process 
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environment is even more important. Critical parameters such as temperature. pressure. 

and oxidant concentration have to be monitored and controlled. 

A typical thin gate oxidation in a VTR begins when the wafer stack is loaded 

from the ambient. or load-lock. into a hot furnace ( 700 - 800 °C) under high. inert gas 

flow rate. The loading process could take as much as 15 minutes. A burnout of 

carbonaceous impurities using an Ar/02 gas mixture may follow this step. The furnace 

temperature is then ramped to process temperature ( 800 - 1 000 °C). and a dry 0::! purge 

begins. After the gate oxide has been grown. the wafers are annealed in an inert 

atmosphere. usually around I 000 °C. before the reactor temperature is again lowered and 

the wafers unloaded. It is during the wafer introduction and ramp steps while the 

moisture is being replaced by inert gas. that non-uniform oxide growth can occur (Figure 

9.2). During the annealing step. oxygen trapped in the IWS could lead to uncontrolled 

oxidation on the process back-end [30]. 

During the wafer loading and subsequent stabilization step (before ramping to 

process temperature), there is a time lag in which moisture must be replaced by inert gas 

in the inter-wafer spacing. Since molecular diffusion is the main driving force for the 

removal of moisture from the inter-wafer spacing, a radial concentration profile develops 

in the gas phase. The gas phase concentration gradient in turn. induces a concentration 

gradient in the surface moisture from r = 0 to r = R. Moisture residing on the silicon 

oxide permeates through the underlying oxide and oxidizes the underlying silicon 

substrate. except it now does so in a non-uniform manner due to the surface moisture 

non-uniformity. 
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As the critical dimensions of manufactured devices get smaller, the issue of oxide 

nonuniformity becomes extremely important. By the year 2006, gate oxides are projected 

to be on the order of 15 A. The following table shows the extent of oxide nonuniformity 

(center line thickness - edge thickness) due to residual moisture contamination across a 

300 mm wafer 100 seconds after being loaded into an idling VTR. The initial moisture 

exposure was 1.5% moisture. The wafer temperature was assumed to rise to the furnace 

idle temperature in 15 seconds and the wafer coming in with little oxide. 

Table 9.1: Initial oxide non-uniformity due to residual moisture 
Idle temperature (°C) 700 750 800 
Oxide non-uniformity· (A) 1 2 7 
Thickness difference (%) 49 64 78 
·Thickness differences smaller than the thickness of a 
monolayer, while not physically meaningful, can be reported in 
indirect measurements i.e. ellipsometry 

Instead of starting with an oxide free surface, or one that is uniform across the 

wafer diameter, a non-uniformity has been introduced. This non-uniformity will remain 

as the gate oxide is grown. The result is a wafer where the gates are not uniform on all 

the devices and are not the requisite thickness. This scenario essentially looks at the first 

IWS in a full wafer boat. Even though the whole boat may take ,...., 15 minutes to load, 

each IWS will reach the idling temperature in ,...., 15 seconds due to radiation. The purge 

gas purity at the wafer edge will be the cleanest for the first IWS. Once inside, its 

outgassing will lead to a more contaminated gas in the annulus for the next IWS. Thus, 

Table 9.1 represents the best case scenario for that temperature. In this, and subsequent 

parametric studies, a wafer gap thickness of 0.125 inches has been used. 
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Most times the idling temperature ofVTRs during gate oxidation scenarios are 

not very high. Under these conditions. the non-uniformities may be unimportant. as 

evidenced by the small absolute thickness difference at 750 °C and below. In Small 

Batch Fast Ramp processes. however. entire loads of 25 - 50 wafers are rapidly brought 

to process temperatures. These reactors are quickly replacing VTRs as the tool of choice 

for thin gate oxidations. Since high reactor temperatures are reached fairly rapidly (and 

are ramping higher with each tool generation). moisture trapped in the gas phase of the 

inter-wafer spacing and sorbed on the wafer surface may not have sufficient time to 

desorb and may instead be incorporated into the oxide. If this residual moisture is not 

uniformly distributed. it can lead to radial non-uniformities in the oxide formed. 

The trend in the semiconductor industry is to increase the wafer size so that :nore 

ICs can be produced at a cheaper cost. The current wafer size is 200 mm. but most new 

fabs are utilizing 300 mm wafers. Table 9.2 shows how the move to larger wafer sizes 

will exacerbate the problems associated v.ith residual moisture contamination in 

SBFRRs. and in VTRs for that matter. Since the moisture contaminated gas in the inter

wafer spacing could only empty by radial diffusion. in the absence of convection. larger 

size wafers would be expected, a priori, to result in higher oxide non-uniformity across 

the radius of the wafer. This is the result of a lengthening diffusion path for gaseous 

moisture as the wafer radius increases. As the critical dimension of gate oxides becomes 

thinner. the effect of wafer size on oxide non-uniformity becomes important even at 

lower oxidation temperatures. 
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Table 9.2: Oxide non-uniformity due to 
moisture as a function of wafer diameter in a 
SBFRR (800 °C, 50 °C/sec, 1.5% H20) 
Wafer diameter (mm) 200 300 
Oxide non-uniformity._( A) 4.5 10 
Thickness difference (%) 78 84 

Figure 9.3 shows how the centerline gas phase and wafer surface concentrations 

change as the process temperature is ramped from room temperature to 800 oc for a 300 

mm wafer initially exposed to a 1.5% moisture ambient in a Small Batch Fast Ramp 

Reactor. The initial rise in gas phase moisture concentration is due to the rapid increase 

in the net desorption rate from the wafer surface as it is heated from room temperature to 

800 °C at a rate of 50 °C/sec. The effect of the residual surface moisture on the oxide 

non-uniformity during the temperature ramp up is shown in Figure 9.4. The oxidation 

rate due to the residual moisture is not appreciable until the temperature rises above 600 

°C. When attempting to grow a thin gate oxide of 30 A, a 10 A difference in oxide 

thickness across the wafer leads to a 25% non-uniformity a gate produced at the 

centerline relative to the wafer edge. For a fast-ramp oxidation process, non-uniformities 

of such magnitude become more of an issue, as residual moisture may not have sufficient 

time to completely outgass from the surface. It becomes a competition between the rates 

of desorption and oxidation. 

The effect of purge gas purity on the distribution of moisture within the inter-

wafer spacing for Small Batch Fast Ramp Reactors has also been investigated. Figure 9.5 

illustrates the effect that gas purity has on the removal of moisture from the gas phase at 



197 

l.OE+OS l.OE+17 

l.OE+04 l.OE+l6 

.--
N 

l.OE+l5 a 
l.OE+03 ~ 

Surface .......... 
~ 

.-- Q,) -a l.OE+14 = Q. l.OE+02 
~ 
Q,) 

Q. -._., 0 

= Gas l.OE+13 a 
0 ._., ..... l.OE+Ol = ..... 
~ 0 ;... l.OE+12 ..... ..... ..... 
= ~ 
Q,) l.OE+OO ;... 
~ ..... 
= D: 300 mm l.OE+ll = 0 Q,) 

~ u GT: 3.2mm = ~ l.OE-01 0 
~ P: 1 ppb l.OE+lO u 
~ RR: 50 oC/s Q,) 

~ 

l.OE-02 C: 1.5%, ~ 
l.OE+09 ;... 

= rJ1 
l.OE-03 l.OE+08 

l.OE-04 l.OE+07 

0 50 100 150 200 250 300 350 400 

Time( sec) 

Figure 9.3: Transient gas and surface moisture concentrations in 
SBFRR at wafer centerline 



,-.. 

< ._., 
~ 
y 

= ~ 
J. 
~ 
~ ..... 
~ 
r.f.l 
C"l.l 
~ 

~ 
CJ ..... ..= 
~ 

12 ~--------------------------------------~ 

10 

8 

6 

4 

2 

0 

Temperature 

q 

D: 300 mm 
GT: 3.2 mm 
P: 1 ppb 

RR: 50 °C/s 
C: 1.5°/o 

Thickness 

100 200 300 400 

Time (sec) 

Figure 9.4: Non-uniformity development in SBRR due to 
moisture contaminant 

198 

900 

800 

700 

600 ,-.. 
u 
0 ._., 

500 ~ 
J. = ..... 
~ 
J. 

400 ~ 
~ a 
~ 

300 ~ 

200 

100 

0 



199 

100000 
D: 300 mm 

10000 GT: 3.2 mm 
P: 1 ppb 

1000 RR: 50 °C/s .-. e C: 1.5°/o Q.. 
Q.. 100 ,_, 
~ -= 10 ...... 
r.fl 1 ppm ...... 
0 

~ 
1 ~ 

rl.l 100 ppb = ..= 
~ 0.1 rl.l = 10 ppb " 0.01 

1 ppb 
0.001 

0.0001 

0 100 200 300 400 500 

Time (sec) 

Figure 9.5: Effect of purge gas purity on centerline moisture 
concentration 



200 

the centerline of an inter-wafer spacing, again exposed to a 1.5% moisture ambient. The 

differences are not noticeable until after 100 seconds. By this time. as shown in Figure 

9.4. most of the uncontrolled oxide growth has already occurred. 

More important is the effect that purge gas purity has on the percent of residual 

moisture incorporated into oxide growth. These simulation results are sho~n in Figure 

9.6. The percent of the initial residual moisture incorporated is fairly insensitive to the 

purge gas moisture concentration. holding around 20% for a 300 mm wafer at a 50 °C'sec 

ramp rate. Of course. at very high levels of moisture in the purge gas there ~ill be a 

constant oxidant source at the wafer perimeter. This source would begin to dominate the 

effects of residual moisture contamination and the problem becomes one of moisture 

diffusion into the wafer spacing. This scenario would begin to reverse the trend of high 

oxide thickness in the center and low oxide thickness at the wafer edge. Purposely 

doping the purge gas with a lo\•: concentration of either moisture. or more likely oxygen 

[30], could be a possible solution to the center-edge non-uniformity concern. 

The temperature ramp rate is yet another variable that can affect the amount of 

residual moisture incorporated in Small Batch Fast Ramp Reactors. Figure 9.7 shows 

how higher ramp rates lead to a greater fraction of incorporation. This implies that. when 

possible. a slow ramp rate should be used to favor desorption processes over 

permeation/oxidation. 

Examining the centerline-edge non-uniformity is the worst-case scenario for the 

above cases. Since die are not usually located at the wafer edge the non-uniformities \'vill 

be less. The model can determine the non-uniformity between any radial position, the 
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center-edge difference was chosen to illustrate a point. Figure 9.8 shows the eventual 

oxide profile across the radius of a 300 mm wafer due to residual moisture 

contamination. The maximum uncontrolled oxide gro"Wth is occurs over the first l 00 

mm. while the biggest change in oxide thickness is over the last 50 mm. This is a result 

of the gas phase non-uniformity induced by diffusion. 

Although the scenarios discussed here consider a multi-wafer geometry. single 

wafer reactors also suffer from oxide non-uniformities due to residual surface moisture. 

In the single wafer reactor. asymmetric flow fields. temperature non-uniformities. and 

poor chamber design can cause moisture non-uniformities across the wafer. The 

simulation discussed above is equally applicable to these reactors. Since most are low 

pressure reactors. the re-adsorption of moisture \"ithin the reactor would not be 

important. That makes the modeling of such tools much simpler. 

This modeling approach is equally applicable to the problems instigated by 

residual moisture contamination during the annealing and rapid thermal annealing of thin 

oxides. 

9.4 CONCLUSIONS 

A mathematical model of the impurity transport in the inter-wafer spacing of a 

VTRJSBFRR has been developed and applied to the gate oxidation process these tools. 

The dominant transport mechanism in the gas phase region of the inter-wafer spacing is 

molecular diffusion, and the overall outgassing of the IWS is dictated by wafer surface 

impurity desorption followed by molecular diffusion in the gas phase. Model results 
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show that residual moisture on the wafer surface can create considerable oxide non

uniformity under a number of conditions. 
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Larger diameter wafers result in a greater oxide non-uniformity across the radius 

of the wafer due to increased gas phase non-uniformity resulting from a longer diffusion 

path. Purge gas purity is relatively unimportant over the range of time where most of the 

residual moisture is consumed. This result needs to be balanced against other process 

requirements. While any non-uniformity in the moisture concentration protile inside the 

IWS leads to some non-uniformity in the oxide during a typical thin gate oxidation. at 

temperatures below 750 oc they are less significant due to slower oxidation kinetics. [n 

the case of Small Batch Fast Ramp reactors. lower ramp rates and slower oxidation 

kinetics can lessen the non-uniformity. as desorption is favored over incorporation under 

these conditions. 
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FUTURE WORK 
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There still remain several areas in need of further research r-egarding the 

interaction of moisture and metal/metalloid oxide surfaces, specifically the silicon oxide 

surface of the silicon <100> surface. This surface demands further study due to its 

importance to the entire semiconductor industry. Eight areas can be targeted for future 

efforts. 

Numerical Approach 

The numerical approach to solving the multilayer balance equations needs 

to be changed. While there is no reason to suspect the model to be invalid at 

higher concentrations, if the model is intractable or cannot be solved, its utility is 

minimal. The numerical package for solving stiff, ordinary differential equations, 

LSODE, has shown potential. It remains to be proven ifLSODE can handle very 

high moisture levels, where the number of equations may approach the thousands, 

and large b values. If so, LSODE also represents a very efficient and fast method 

for solving the outgassing model. This could increase the acceptance of this more 

rigorous model by other researchers and by the semiconductor industry. 

Fit High Concentration Data 

Once the numerical problems have been solved. The high concentration 

data can be used to establish values for a and b, the factors that affect the upper 

layers and thus model predictions in the high concentration regime. 
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Obtain more data 

More experimental data should be gathered, specifically in the higher 

concentration region, if possible, all the way to atmospheric moisture levels. This 

can be used to further refine the model, and to establish an €xperimentally derived 

isotherm for moisture on the silicon wafer surface. Further data collection should 

be performed at higher temperatures, from 150 - 300 °C, to refine activation 

energy parameters. Also, more duplicate experiments would help determine 

experimental reproducibility. 

Characterization of Silicon Nitride 

The experimental and modeling approach could be applied to a reactor 

packed with wafers covered by a silicon nitride (SiN) film. Moisture 

contamination of the SiN film is expected to lead to SiON, an undesirable 

reaction in high temperature anneals of these films. 

Linking other oxidation models 

The multilayer adsorption/desorption model can be linked with other 

moisture oxidation models, perhaps those developed specifically for thin films, to 

compare the modeling predictions. 

Compare IWS model to data 

Compare the predictions made on the effect of residual moisture on thin 

gate oxidation to experimental data. As this type of data becomes available, this 

can be performed. Data availability is limited by corporate secrecy, process tools 



and procedures capable of growing ultra-thin films, and the refinement and 

proliferation of techniques able to measure these thin films. 

Examine multicomponent interactions with moisture 
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The presence of surface moisture, specifically the s~rface hydroxyl 

groups, are known to assist in the binding of organics to the surface. Many 

organics, such as alcohols, are esterified to the surface and cannot be removed by 

baking or purging. These multicomponent interactions are already being 

investigated [89]. 

Continued use of tracers 

The use of labeled moisture offers many benefits, such as reduced 

background and the ability to track different 'types' of moisture and explore 

chemical interactions. Locating a DOH permeation device would help these 

studies, but H20 18 many be a better solution since hydrogen is present in the 

source. Optimizing APIMS settings to examine 18, 19 and 20 is an entire 

research project on its own. 
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APPENDIX A: YATES ANALYSIS OF HEAVY WATER CALIBRATION 
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18 *Note:uses 15,20 pts. of7/22-7/24/97 Matrix 
a= water 
b = deuterium water 

treatment combination treatment total col. 1 col. 2 sum of squares f 
[1] 41850 97550 183260 

a 55700 85710 32860 269944900 0.86619 
b 33350 13850 -11840 35046400 0.11246 
ab 52360 19010 5160 6656400 0.02136 

311647700 -

19 
a= water 
b = deuterium water 

treatment combination treatment total col. 1 col. 2 sum of squares f 
[1] 18990 40590 92440 
a 21600 51850 8460 17892900 0.34268 
b 23000 2610 11260 31696900 0.60706 
ab 28850 5850 3240 2624400 0.05026 

52214200 

20 
a= water 
b = deuterium water 

treatment combination treatment total col. 1 col. 2 sum of squares f 
[1] 3230 6340 18110 
a 3110 11770 150 5625 0.00076 
b 5750 -120 5430 7371225 0.99411 
ab 6020 270 390 38025 0.00513 

7414875 
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APPENDIX 8: FORTRA1"J LISTING FOR MULTI_TUBE.F 



c by Eric Shero 
C last updated 7118/98 

implicit double precision (a-h,j-z) 
double precision ya( 100,1001 ),cgOmlc,rdes, Y AO( 1 00,1001 ), 

& height,area,ca,cb,ka,ka1 ,kd 1 ,kd2,dt,mlo( 100,1001 ), 
& ml(100,1001) 

integer i,j ,h, tm,xs,kl,HI,got,kk,km,kn,jj ,layer, 
& pp,qq,qp,zp, vv ,ppz,iter ,itmax 

common ibuf( 16) 
dimension CGol(1 :5000),CGnew(1 :5000) 
dimension b(1 :5000),c(1 :5000),a(l :5000),r(1 :5000) 
dimension x1(1 :5000),y1(1 :5000),xold(50),xinc(50), 

& aaa(50,50),nin(O: 1 OO),dLdt(1 :5000),z1 (1 :5000), 
& z2(1 :5000),r1a(l :5000),r2a(1 :5000),r3a(1 :5000),r4a(l :5000), 
& z3(1 :5000),z4(1 :5000),z5(1 :5000),ra(l OO),min(O: 1 OO),z6(1 :5000), 
& z7(1 :5000),z8(1 :5000),z9(1 :5000),z1 0(1 :5000),z11 (1 :5000) 

common /block/ ka,ka1,kd1,kd2,ca,cb,dt 
external dexp 
open ( 1 ,file='inputd.dat') 
open (2,file='pdodout.dat') 

open (3,file='out.dat') 
open ( 4,file='rate.dat') 

C Enter physical constants of tube, length, and diameter 

L = 158.75 
d = .457d+OO 

C this is a counter 
ppz= 1 

c hi is the gridpoint that you wish to have data printed at 
c PRINT*, 'Enter position of interest in tube' 
c READ*, HI 

hi= 100 
got= 1 

c read in input values of ka,ka1 ,etc. from the input file 

read(1, *) ka 
print* ,'ka=',ka 

212 



read(1, *) ka1 
print* ,'ka1 =',ka1 
read(1, *) kd1 
print*, 'kd 1 =' ,kd 1 
read(1, *) kd2 
print* ,'kd2=',kd2 
read(1, *) ca 
print* ,'ca=',ca 
read(1, *) cb 
print* ,'cb=',cb 
read(1, *) S 
print* ,'S=',S 
read( 1 , *) layer 
print* ,'layer=',layer 
print* ,'layers are:' 

c reading in the input values of ni from a file, determined by TKSolver 
c at the same time calculate the initial mi from the ni 

do 1 i=O,layer,+ 1 
read(1,*) nin(i) 
print* ,i,nin(i) 
ad2 = ad2 + nin(i) 
min(i+ 1) = S- ad2 

1 continue 
print* ,'beg',S-ad2,S-(ad2-nin(layer)) 
do 544 i=3,layer,+ 1 

c read(1,*) min(i) 
print* ,min(i) 

544 continue 

C Enter step sizes for spatial and temporal grids as well 
C as the number of position gridpoints and the maximum time 
C to solve for 

dt = .001d+OO 
n = .01d+OO 
xs = 1. Od+OO/n 
tmax = 1000.0d+OO 
tm = tmax/dt 

C Enter gas conditions, flowrate, molecular diffusivity, initial 
C gas phase challenge, inlet gas concentration etc. 
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pi= acos( -1.0d+OO) 
temp= 293.0d+OO 
Dm = .256*(temp/307.5)**(.66666)*60 
Convfac = (1.0d-9*273.0d+OO)/(temp*22400.0d+OO) 
Cinlet = .15d+OO*Convfac 
CGo = 136.0d+OO*Convfac 
Q = 900.0d+OO 
v = Q/(pi*(d/2.0)**2.0) 
Dz = Dm+d**2.0*v**2.0/(192.0*Dm) 
print* ,Dm,Dz 
AN= 6.02d+23 

C Calculate initial surface loading in mlc/cm2 and gas phase concent. 
C in molecules/cm3 

C Lod = Ldd*Convfac*Q* AN/(pi*d*L) 
C print*, 'load=' ,Lod 

CGOMLC = CGo*6.02d+23 

C Enter initial conditons for the arrays that served as n and m 

do 9 kk=l,xs 
YA(1,kk) = nin(O) 
YA(2,kk) = nin(l) 
do 10 jj=3,layer+ 1 

YAGj,kk) = ninGj-1) 
if Gj. ge. 4 )mlGj ,kk )=minGj -1) 

10 continue 
9 continue 

C Enter same conditions in old (last time) arrays 

do 11 qq= 1 ,layer+ 1 
do 12 pp=1,xs 
Y AO( qq,pp) = Y A( qq,pp) 
if ( qq .ge.4 )mlo( qq,pp) = ml( qq,pp) 

12 continue 
11 continue 

C Enter initial condition for gas phase and initial guess at outgassing 
C rate 

do 13 h=1,xs 
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CGol(h) = CGo 
dLdt(h) = 0.0 

13 continue 

C give a value to comparator 

CGlast = CGo 

C Set up matrix elements for discretized gas phase equation, this 
C is from the Thomas algorithm for tridiagonal systems 
C first group represents boundary conditions second interior grid 
C points 

a(1) = 0.0 
b(1) = v + Dzl(L *n) 
c(1) = -Dzl(L*n) 
a(xs) = -1.0d+OO 
b(xs) = l.Od+OO 
c(xs) = 0.0 
r(1) = v*Cinlet 
r(xs) = 0.0 

do 14 km=2,xs-1 

a(km) = -2.0d+OO*Q*dt/(L *pi*d**2.0d+OO*n)
& Dz*dt/(L **2.0*n**2.0d+OO) 

b(km) = 2.0d+OO*Dz*dt/(L * *2.0*n* *2.0d+OO) + 1.0d+OO 
c(km) = 2.0d+OO*Q*dt/(L *pi*d**2.0d+OO*n)-

& Dz*dt/(L **2.0*n**2.0d+OO) 
r(km) = CGol(km)- 4.0d+OO*dt*dLdt(km)/(d* AN) 

14 continue 

cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c MAIN LOOP begins here 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

do 15j=1,tm 

C solve for new CG here 

16 call tridiag(a,b,c,r,CGnew,xs) 

C solve for new n's here 
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do 17 i=1,xs 
call ODESOL(Y A,ml,i,CGnew(i),layer, 

& S,dLdt(i),ra) 
if (i.eq.(xs-1 )) then 

rlt=ra(1) 
r2t=0.5*ra(2) 
r3t=1.5*ra(3) 
r4t=2.5*ra(4) 

endif 
17 continue 

C Calculate coefficients based on CGol (1s time CG challenge) 

do 18 h=2,xs-1 

a(h) = -2.0d+OO*Q*dt/(L *pi*d**2.0d+OO*n)
& Dz*dt/(L **2.0*n**2.0d+OO) 

b(h) = 2.0d+OO*Dz*dt/(L **2.0*n**2.0d+OO) + 1.0d+OO 
c(h) = 2.0d+OO*Q*dt/(L *pi*d**2.0d+OO*n)-

& Dz*dt/(L **2.0*n**2.0d+OO) 
r(h) = CGol(h)- 4.0d+OO*dt*dLdt(h)/(d* AN) 

18 continue 

C Calculate stopping criteria i.e. error tolerance 

if G.gt.300) then 
value= dabs((CGnew(xs)-CGlast2)/CGlast2) 
else 
value= dabs((CGnew(1)-CGlast)/CGlast) 
endif 

C Check to see if error is too great, if so go another round, 
C if not update old values with new and go to next time. 

if (value .gt. .0000001 ) then 

ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c Assign original values of n back to Y A as initial condition 
ccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

do 19 qq= 1 ,layer+ 1 
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do 20 pp= 1 ,xs 
Y A( qq,pp) = Y AO( qq,pp) 
if ( qq.ge.4)ml( qq,pp )=mlo( qq,pp) 

20 continue 
19 continue 

CGlast = CGnew(l) 
CGlast2 = CGnew(xs) 

go to 16 
endif 

C assign CGnew to CGold 

do 21 kl=1,xs 
CGol(kl) = CGnew(kl) 

21 continue 

CGlast = CGnew( 1) 
CGlast2 = CGnew(xs) 

C assign Y Anew to Y AOLD 

do 22 kn= 1 ,layer+ 1 
do 23 qp= 1 ,xs 
Y AO(kn,qp) = Y A(kn,qp) 
if (kn.ge.4 )mlo(kn,qp )=ml(kn,qp) 

23 continue 
22 continue 

do 24 zp=2,xs-1 

a(zp) = -2.0d+OO*Q*dt/(L *pi*d**2.0d+OO*n)
& Dz*dt/(L **2.0*n**2.0d+OO) 

b(zp) = 2.0d+OO*Dz*dt/(L **2.0*n**2.0d+OO) + l.Od+OO 
c(zp) = 2.0d+OO*Q*dt/(L *pi*d**2.0d+OO*n)-

& Dz*dt/(L **2.0*n**2.0d+OO) 
r(zp) = CGol(zp)- 4.0d+OO*dt*dLdt(zp)/(d* AN) 

24 continue 

C print out gas phase concentration at location of interest and ni 
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if ( int(l O.O*dt*j) .eq. 1 O.O*dt*j ) then 
z1(got) = YA(1,hi) 
z2(got) = YA(2,hi) 
z3(got) = Y A(3,hi) 
z4(got) = Y A( 4,hi) 
z5(got) = Y A(5,hi) 
z6(got) = YA(6,hi) 
z7(got) = YA(7,hi) 
z8(got) = Y A(8,hi) 
z9(got) = Y A(9,hi) 
y1(got) = CGnew(hi)/convfac 
x1(got) = dt*j 

c print* ,x 1 (got ),y 1 (got) 
write(2,*) x1(got),y1(got) 
write(3, *) x1 (got),z1 (got),z2(got),z3(got), 

& z4(got ),z5(got ),z6(got ),z7 (got ),z8(got ),z9(got) 
write( 4, *) x1 (got),m1( 4,hi),ml(5,hi),ml(6,hi),ml(7,hi), 

& ml(8,hi),ml(9,hi) 
got= got+ 1 

endif 
15 continue 

stop 
end 

subroutine tridiag(a,b,c,r,u,n) 

implicit double precision (a-z) 
integer j,n 
dimension gam(1 :50000),a(1 :50000),b(l :50000),c(1 :50000), 

& r(l :50000),u(l :50000) 
if (b(1).eq.O)pause 
bet= b(1) 
u(1) = r(1)/bet 
do 26 j=2,n 

gamG) = cG -1 )/bet 
bet=bG)-aG)*gamG) 
if (bet. eq. 0) pause 
uG) = (rG)-aG)*uG-1 ))/bet 

26 continue 
do 27 j=n-1,1,-1 

uG) = uG)- gamG+1)*uG+1) 
27 continue 

return 
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end 

subroutine ODESOL(Y A,ml,ll,UZ,lay,S,ddt,dr) 
integer i,j ,n,m,k,ll,jj ,lay 
common /block/ ka,ka1,kd1,kd2,ca,cb,dt 
double precision Y A( 1 00, 1 001 ),dt,ka,ka 1 ,kd2,kd 1, uz, uold( 1 00), 

& dr( 1 OO),cgmlc,S,ddt,sum,ca,cb,ml( 100,1001 ),mold( 1 OO),s~ 
c print* ,'in loop' 

n=2 
cgmlc=uz*6.02d+23 
dtnew = dt/(db1e(n)) 
do 28 i= 1 ,lay+ 1 

uold(i)=YA(i,ll) 
if (i.ge.4)mold(i)=ml(i,ll) 

28 continue 

C These are the multilayer kinetic equations developed by Shero 

do 30 j=1,n 
dr(1) = kd1 *uold(2) 

& -2.0*(ka1/S)*cgmlc*(uold(1))**2.0 
if (lay .eq .1) then 

dr(2) = 2.0*(ka1/S)*cgmlc*(uold(1))**2.0 
& -kd 1 *uold(2) 

elseif (lay.eq.2) then 
dr(2) = kd2 *uold(3 )+ 2. 0* (ka 1 /S)* cgmlc * ( uold( 1) )* * 2. 0 

& -uold(2)*ka*cgmlc-kd1 *uold(2) 
dr(3) = -kd2*uold(3)+ka*cgmlc*uold(2) 
else 
dr(2) = kd2 *uold(3 )+ 2. 0* (ka 1 /S) * cgmlc * ( uold(l) )* *2. 0 

& -uold(2)*ka*cgmlc-kd1 *uold(2) 
dr(3) = ca*dexp(-cb*mold(4))*uold(4) 

& +ka*cgmlc*uold(2)-uold(3)*(ka*cgmlc+kd2) 
do 31 jj = 4,lay 
drGj) = ca*dexp(-cb*moldGj+1))*uoldGj+1) 

& +ka*cgmlc*(uoldGj-1 )-uoldGj)) 
& -ca*dexp( -cb*moldGj))*uoldGj) 

31 continue 
dr(lay+ 1) = -ca * dexp( -cb*mold(lay+ 1) )*uold(lay+ 1) 

& +ka*cgmlc*uold(lay) 
endif 

do 32 m=1,lay+ 1 
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Y A(m,ll)=uold(m)+dr(m)*dtnew 
32 continue 

do 33 k=1 ,lay+ 1 
uold(k)=ya(k,ll) 

33 continue 
do 5 94 k=4 ,lay+ 1 

s3 = 0.0 
do 595 m=1 ,k-1 

s3 = s3+uold(m) 
595 continue 

ml(k,ll) = S-s3 
if (ml(k,ll).lt.O.O)ml(k,ll)=O.O 

5 94 continue 
30 continue 
c 

ddt= 0.0 
do 1 01 m=2,lay+ 1 

ddt=ddt+dr(m)*(m-1.5d+OO) 
1 0 1 continue 

return 
end 
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APPENDIX C: FORTRAN LISTING FOR MULTI DIFF.F 



c by Eric Shero 
c last updated 8/2/98 

implicit double precision (a-h,j-z) 
double precision ya(1 OO),cgOmlc,rdes,Y A0(1 00), 

& height,area,ca,cb,ka,ka1 ,kd 1 ,kd2,dt,mlo( 1 00), 
& ml(100) 

integer i,j ,h, tm,xs,kl,HI,got,kk,km,kn,jj ,layer, 
& pp,qq,qp,zp, vv ,ppz,iter,itmax 

dimension 
& nin(0:100), 
& r1a(l :5000),r2a(l :5000),r3a(1 :5000),r4a(1 :5000), 
& ra(IOO),min(0:100) 

common /block/ ka,ka1 ,kd1 ,kd2,ca,cb,dt 
external dexp 
open (1 ,file='ot.dat') 
open (2,file='pdodout. dat') 
open (3,file='out.dat') 
open ( 4,file='rate.dat') 

C This program uses multilayer kinetic model with a CSTR reactor 
C for the gas phase. Assumes wall outgasses as wafer and is 
C included in the area term 

C Enter physical constants of wafers and chamber 

Vch = 408.63 
Arwf= 2168.7 

got= 1 

c read in input values ofka,ka1,etc. 

read(1, *) kd1 
print*, 'kd 1 =' ,kd 1 
read(1, *) kd2 
print* ,'kd2=',kd2 
read(1, *) ka 

print* ,'ka=' ,ka 
read(1, *) ka1 
print* ,'ka1 =',ka1 
read(1, *) ca 
print* ,'ca=',ca 
read(1, *) cb 
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print* ,'cb=',cb 
read(l,*) S 
print* ,'S=' ,S 

print* ,'how many layers' 
read* ,layer 

print* ,'layers are:',layer 

C calculate initial m values based on n values 
ad2=0.0d+OO 

do 1 i=O,layer,+ 1 
read(1, *) nin(i) 
ad2 = ad2 + nin(i) 
min(i+ 1) = S- ad2 

1 continue 
print* ,'beg' ,S-ad2,S-( ad2-nin(layer)) 
do 544 i=3,layer,+ 1 

print* ,i,min(i) 
544 continue 

C Enter step size for temporal grids 

dt = .00001d+OO 
tmax = 1 OO.Od+OO 
tm = tmax/dt 

C Enter gas conditions 

pi = acos( -1.0d+OO) 
temp= 423 .Od+OO 
Convfac = (1.0d-9*273.0d+OO)/(temp*22400.0d+OO) 
Cinlet = O.Od+OO*Convfac 
CGo = 193.53d+OO*Convfac 
Q = 287.0d+OO 
AN= 6.02d+23 

print* ,'CGinit',CGo 

c Setup initial condition in chamber and for layers at eq 

CGOMLC = CGo*6.02d+23 

c for layers 

YA(1) = nin(O) 
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YA(2) = nin(1) 
do 10 jj=3,layer+ 1 
Y AGj) = ninGj-1) 
if Gj.ge.4)mlGj)=minGj-1) 

10 continue 

do 11 qq= 1 ,layer+ 1 
YAO(qq) = YA(qq) 
if (qq.ge.4)mlo(qq) = ml(qq) 

11 continue 

c give a value to comparator 

CGlast = CGo 
CGol = CGo 

Wfrt = 0.0 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c MAIN LOOP begins here 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

do 15 j=1,tm 

16 der = (QN ch*(Cinlet-CGlast)-Wfrt) 
CGnw = CGol + dt*der 

C print*,'CG calc', CGnw 

call ODESOL(Y A,ml,CGnw,layer,S,dLdt,ra) 
Wfrt = dLdt* Arwf/(Vch* AN) 
value= dabs(CGnw-CGlast)/CGlast 
if (value .gt. .01 ) then 
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cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c Assign original values of n back to Y A as initial condition 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c 

do 19 qq= 1 ,layer+ 1 
YA(qq) = YAO(qq) 
if (qq. ge. 4 )ml( qq)=mlo( qq) 

19 continue 

CGlast = CGnw 



go to 16 
endif 

COol= CGnw 
CGlast = CGnw 

C assign Y Anew to Y AOLD 

do 22 kn= 1 ,layer+ 1 
Y AO(kn) = Y A(kn) 
if (kn.ge.4)mlo(kn)=ml(kn) 

22 continue 

if ( int(l.O*dt*j) .eq. 1.0*dt*j ) then 
z1=YA(1) 
z2 = YA(2) 
z3 = YA(3) 
z4 = YA(4) 
z5 = YA(5) 
z6 = YA(6) 
z7 = YA(7) 
z8 = YA(8) 
z9 = YA(9) 
y1 = CGnw/convfac 
x1 = dt*j 
print* ,x1,y1,YA(1),YA(2),YA(3),YA(4),YA(5) 
write(2, *) x1 ,y1 

c write(3, *) x1 ,z1 ,z2,z3, 
c & z4,z5,z6,z7,z8,z9 

got= got+ 1 
endif 

15 continue 

stop 
end 

subroutine ODESOL(Y A,ml,UZ,lay,S,ddt,dr) 
integer i,j ,n,m,k,jj ,lay 
common /block/ ka,ka 1 ,kd 1 ,kd2,ca,cb,dt 
double precision Y A(1 OO),dt,ka,ka1 ,kd2,kd1 ,uz,uold(1 00), 

& dr( 1 OO),cgmlc,S,ddt,sum,ca,cb,ml( 1 OO),mold( 1 OO),s3 

C These are the multilayer kinetic equations, dn/dt 
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n=1 
cgmlc=uz*6.02d+23 
dtnew = dt/(dble(n)) 
do 28 i= 1 ,lay+ 1 

uold(i)= Y A(i) 
if (i.ge.4 )mold(i)=ml(i) 

28 continue 

do 30 j=1,n 
dr(1) = kd1 *uold(2) 

& -2. 0* (ka 1 /S)* cgmlc * ( uold( 1) )* *2. 0 
if (lay .eq .1) then 
dr(2) = 2.0*(kal/S)*cgmlc*(uold(1))**2.0 

& -kd 1 *uold(2) 
elseif (lay.eq.2) then 
dr(2) = kd2*uold(3)+ 2.0*(kal/S)*cgmlc*(uold(1 ))* *2.0 

& -uold(2)*ka*cgmlc-kd1 *uold(2) 
dr(3) = -kd2*uold(3)+ka*cgmlc*uold(2) 
else 
dr(2) = kd2*uold(3)+2.0*(ka1/S)*cgmlc*(uold(1))**2.0 

& -uold(2)*ka*cgmlc-kd1 *uold(2) 
dr(3) = ca*dexp(-cb*mold(4))*uold(4) 

& +ka*cgmlc*uold(2)-uold(3)*(ka*cgmlc+kd2) 
c print* ,'dr2',dr(2),dr(3) 

do 31 jj = 4,lay 
drGj) = ca*dexp( -cb*moldGj+ 1 ))*uoldGj+ 1) 

& +ka*cgmlc*(uoldGj-1 )-uoldGj)) 
& -ca*dexp( -cb*moldGj))*uoldGj) 

31 continue 
dr(lay+ 1) = -ca*dexp( -cb*mold(lay+ 1 ))*uold(lay+ 1) 

& +ka*cgmlc*uold(lay) 
endif 

do 32 m= 1 ,lay+ 1 
Y A(m)=uold(m)+dr(m)*dtnew 

32 continue 
do 33 k= 1 ,lay+ 1 

uold(k)=ya(k) 
33 continue 

do 594 k=4,lay+ 1 
s3 = 0.0 
do 595 m=1,k-1 

s3 = s3+uold(m) 
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595 continue 
ml(k) = S-s3 
if (ml(k).lt.O.O)ml(k)=O.O 

5 94 continue 
30 continue 

ddt= 0.0 
do 1 01 m=2,lay+ 1 

ddt=ddt+dr(m)*(m-1.5d+OO) 
1 01 continue 

return 
end 
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APPENDIX D: FORTRAN LISTING FOR ELOVICH.F 



implicit double precision (a-h,j-z) 
integer i,ii,j ,h, tm,xs,kl,kj ,kk,HI,laserp,got 
common ibuf(16) 
dimension b(1 :5000),c(1 :5000),a(1 :5000),r(l :5000) 
dimension x1 (1 :5000),y1 (1 :5000),CGend(1 :500000) 
external dexp 
open (unit= 1 ,file=' ans. txt' ,status='unknown') 

Vch = 408.63 
Arwf= 5.33 

got= 0 

34 print* ,'Enter a for wafer' 
read*,awf 
print* ,'Enter b for wafer' 
read*,bwf 
print*, 'Enter the adsorption constant for wafer' 
read*,kawf 

c csexp = 2.177d-8 
csm = 7.475d-10 
sii = 0.1d+OO 
egg= 9.44d-9 
etaO = 1.0d+OO 
do ii = 1 , 1 00000000 
cal= (dlog((kawf*cgg)/(awf*csm))- dlog(etaO))/bwf 

eval = dabs((etaO-cal)/etaO) 
if( eval.le.(sii * l.Od-1 0)) then 

goto 22 
else 

etaO = sii*(cal)+(l.O-sii)*etaO 
endif 

enddo 

22 cs = etaO*csm 

36 Csowf= cs 
print* ,Csowf 
dt = .00005d+OO 
tmax = 250.0d+OO 
CSmono =csm 
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tm = tmax/dt 

temp= 298.0d+OO 
Convfac = (l.Od-6*273.0d+OO)/(temp*22400.0d+OO) 
Cinlet = O.Od+OO*Convfac 
CGo = 23l.Od+OO*Convfac 

c Volumetric flowrate in cern 
Q = 600.0d+OO 

c print*, Cinlet 

c Enter values into storage 
CGol= CGo 
Cwfol = Csowf 

c Cchol = Csoch 

c Chamber and wafer outgassing rate at any time (mole/cm3) 

Chrt = 0.0 
Wfrt = 0.0 

do 20 j=l,tm 

derold = (QN ch*(Cinlet-CGol)-Wfrt* Arwf/dt) 
CGtmp = CGol + dt*derold 

call wafer(CGtmp,awf,bwf,kawf,Cwfol,dt,Arwf, Wfrt,Cwfnw) 
c call chmbr( CGtmp,ach, bch,kach, Cchol,dt,Arch, Chrt, Cchnw) 

dertmp = (QN ch*(Cinlet-CGtmp )-Arwf*Wfrt/dt) 

CGnw = CGol + ( derold+dertmp )*dt/2.0 

call wafer(CGtmp,awf,bwf,kawf,Cwfol,dt,Arwf, Wfrt,Cwfnw) 
c call chmbr(CGtmp,ach,bch,kach,Cchol,dt,Arch,Chrt,Cchnw) 

CGol=CGnw 
Cwfol = Cwfnw 

c Cchol = Cchnw 

if ( int(20.0*dt*j) .eq. 20.0*dt*j ) then 
got= 1 +got 
yl(got) = CGnw/convfac 
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xi(got) = dt*j 
write( I.*) xI (got).y I (got) 

c write( I.*) xi(got).yi(got).Cwfuw 
c print* .xI (got).dertmp 

endif 
20 continue 

stop 
end 

subroutine wafer(CG.awf.bwf,kawf,CSlst.dt.Arwf.Wfrt,CSnw) 

implicit double precision (a-z) 

CSm = 7.475d-IO 
kd = awf*dexp(bwf*CSlst/CSm) 
Wfrt = dt*(kawf*CG-kd*CSlst) 
Csnw = CSlst + Wfrt 

return 
end 

c subroutine chmbr( C G .ach. bch.kach. r S lst.dt.Arch. Chrt. C Snw) 

c implicit double precision (a-z) 

c CSm = 7.475d-l 0 
c kd = ach*dexp(bch*CSlst/CSm) 
c Wfrt = dt*(kach*CG-kd*CSlst) 
c Csnw = CSlst + Chrt 

c return 
c end 
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APPENDIX E: FORTRk~ LISTING FOR OXIDA TION.F 



c Used for GFP Conference on 9/22/97 
c used for IEEE Transactions paper ... Mansoori, Shero, Shadman 
c 
c Merges wafer outgassing, oxid. and diffusion for single wafer 
c spactng. 

implicit double precision (a-h,j-z) 
integer hi,got,xs, tm,j ,i,h,kl,ii,k 
common ibuf( 16) 
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dimension CGol(1 :5000),CGnew(l :5000),CSol(1 :5000),CSnew(l :5000) 
dimension b(1 :5000),c(1 :5000),a(l :5000),r(1 :5000) 
dimension x1(1 :5000),y1(1 :5000),thic(l :5000), 

& y2(1 :5000),dkd(1 :5000),yr(1 :5000),sw(1 :5000),delthic(l :5000) 
common /block/ Ds,Nosat,ks,rho,ca,cb,d,cso,csm,tempox 
common /block/ temp,ka,kd,Dm,Dm1 ,pnew,kdx 

intrinsic dexp,dlog,dabs 

C Enter radius of wafer and gap thickness in inches 

d = 12.0*2.54/2.0d+OO 
gt = 0.125*2.54 
print* ,'wafer radius',d 
print* ,'gap thickness in cm',gt 
got= 10 

C Enter step sizes for spatial and temporal grids 

dt = .0001d+OO 
c dt is real time in seconds 

n = .005d+OO 

c Maximum number of radial grid points, xs is at edge, 1 would be center 
xs = 1.0d+OO/n+ 1 
tmax = 100.0 

c integer that describes when to stop 
tm = tmax/dt 

open (unit= 1 ,file='trial4.txt') 
open (unit=2,file='gas4.txt') 
open (unit=3,file='thik4.txt') 
pi = acos( -1.0d+OO) 
temp= 293.0d+OO 



c Enter Dm for Nitrogen/Water 

Dm1 = .247*(temp/298.0)**(1.50d+00)*60.0d+OO 
c Dm1 = .247d+00*60.0d+OO 

Dm1 = l.Od+00/(2.68e-6+(l.Od+OO/Dm1)) 
dtt = (dt*Dm1)/(60.0*d**2.0) 

c dtt is dimesionless time step 

Convfac = (l.Od-6*273.0d+OO)/(temp*22400.0d+OO) 
Cinlet = 0.0010d+OO*Convfac 
CGo = 15000.0d+OO*Convfac 
AN= 6.02d+23 
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c****************************************************************c 
csm = 4.5d+ 14/ AN 
rho= 4.4d+22/AN 

c**************************************************************c 

c ka 1 is in em/min and ca is in 1 /min 
ka1 = .5d+OO 

c 

ca = 2.0d-5 
cb = .3d+OO 

sm=4.5d+14 
sm=sm/(6.02d+23) 

dka 1 = . 5d+OO 
a1 = 2.0d-5 
b1 = .3d+OO 
alph = CGo/sm 

INITIAL WAFER SURF ACE CONCENTRATION 

alphp = (alphla1 )*dka1 
alphdp = dlog( alphp) 
sii = 0.1d+OO 
etaO = 1. Od+OO 
t = dlog( etaO) 
do ii = 1 , 1 00000000 

cal = -( dlog( etaO)-alphdp )/b 1 
eval =dabs(( etaO-cal)/etaO) 

if(eval .le. (sii*l.Od-10)) then 
go to 163 

else 
etaO=sii *(cal)+( 1.0-sii)*etaO 



endif 
enddo 

163 do k=1,xs 
dkd(k)=a1 *dexp(b1 *etaO) 
yr(k)= COo 
sw(k)=yr(k )* dka 1 I dkd(k) 

enddo 
sw0=sw(1) 
cso=swO 
write(*,*) cso,cso* AN,cso/csm 

c******************************************************* 
kd1 = ca*dexp( cb*( cso/CSm)) 

c This is to remove adsorption 
c ka1 = O.Od+OO 

c Initial thickness of oxide, d-8 converts A to em 

xo = S.Od-08 

do 13 h=1,xs 
CGol(h) = 1.0d+OO 
thic(h) = xo 
CSol(h) = l.Od+OO 

13 continue 

c Set up matrix elements 

a(l) = 0.0 
b(1) = -1.0d+OO 
c(l) = + l.Od+OO 
a(xs) = 0.0 
b(xs) = l.Od+OO 
c(xs) = 0.0 
r(l) = 0.0 
r(xs) = 0.0 

pnew = 1.0d+OO 
pold = l.Od+OO 

do 14 km=2,xs-1 
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a(km) = -1.0/ ( n * * 2. 0 )+ 1. 0/ ( (km -1) * 2. 0 * ( n * * 2. 0)) 
b(km) = l.O/dtt+2.0/(n**2.0)+2.0*d**2.0*kal/(gt*Dm1) 
c(km) = -1.0/(n**2.0)-1.0/(2.0*(km-1 )*(n**2.0)) 
r(km) = CGol(km)/dtt+(2.0*d**2.0*cso*kd1) 

& * CSol(km )/(gt*Dm 1 * ( CGo-Cinlet) )-(2. 0* d * * 2. 0* Cinlet* ka 1) 
& /(Dm1 *gt*(CGo-Cinlet)) 

14 continue 

print* ,'main loop' 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 
c MAIN LOOP begins here 
cccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccccc 

ka = ka1 

do 15 j=1,tm 

pnew = dexp ( -0.0001d+OO*floatG)*O.O) 

if (temp.lt.1 073.00d+OO) then 
temp = 298.0 + dt*j * 50.0 
else 
temp= 1073.0d+OO 
endif 

ka = ka1 *dexp(55.36d+00*(3.3557d-03-(l.Od+OO/temp))) 
c This is to remove adsorption 
c ka= 0.0 

Dm = Dm1 *(temp/298.0)**(1.50d+OO) 
Dm = Dm*(l.Od+OO/pnew) 
Dm = 1.0d+00/(2.68e-6+(1.0d+OO/Dm)) 

c solve for new CG here 

16 call tridiag(a,b,c,r,CGnew,xs) 

do 17 i=1,xs 
call ODESOL(CGnew(i),CGo,Cinlet,thic(i),dxdt,CSol(i),dCdtt,i) 

CSnew(i)=CSol(i)+dCdtt*dtt 
thic(i)=thic(i)+dxdt*dtt*d**2.0/Dm1 

17 continue 
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do 21 kl=1,xs 

CGol(kl) = CGnew(kl) 
CSol(kl) = CSnew(kl) 

21 continue 

if (CGol(kl).le.O.Od+OO) then 
CGol(kl) = O.Od+OO 
CGnew(kl)= O.Od+OO 

endif 

if (CSol(kl).le.O.Od+OO) then 
CSol(kl) = O.Od+OO 
CGnew(kl) = O.Od+OO 

endif 

c Calculate coefficients at the new gas phase concentration 
c************************************************************** 

do 18 h=2,xs-1 

kd=ca*dexp( cb*CSol(h)*cso/csm) 
kd = kd*dexp(5200.0d+00*(3.3557d-03-(l.Od+OO/temp))) 

a(h) = -(Dm/Dm 1 )/(n * * 2. O)+(Dm/Dm 1 )/( (h-1 )* 2. 0* ( n * * 2. 0)) 
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b(h) = 1.0d+OO/dtt+(2.0*Dm/Dm1 )/(n**2.0)+2.0*d**2.0*ka/(gt*Dm1) 
c(h) = -(Dm/Dm1 )/(n**2.0)-(Dm/Dm1 )/(2.0*(h-1 )*(n* *2.0)) 
r(h) = CGol(h)/dtt+(2.0*d**2.0*cso*kd)* 

& CSol(h)/(gt*Dm1 *(CGo-Cinlet))-(2.0*d**2.0*Cinlet*ka) 
& /(Dm1 *gt*(CGo-Cinlet)) 

18 continue 
if (intG*dt).eq.G*dt))then 

y1(got) = (CGnew(1)*(CGo-Cinlet)+Cinlet)/convfac 
x1(got) = dt*j 
delthic(got) = (thic(1 )-thic(xs-1 ))* 1 OO.O/thic(1) 

print* ,x1(got),thic(xs)* 1.0d+8,CSol(1 )*cso/csm,y1(got) 
write(1, *) x1 (got),thic(xs)* 1.0d+8,CSol(1 )*cso/csm 
write(2,888) x1(got),y1(got),temp,delthic(got) 
write(3,999) x1 (got),thic(1 )* 1.0d+8,thic(51 )* 1.0d+8,thic(1 01 )* 



& 1.0d+8,thic(l51 )* 1.0d+8,thic(l76)* 1.0d+8 
endif 

15 continue 

888 format (lx,4f13.5) 
999 format (1x,6f12.4) 

stop 
end 

subroutine tridiag(a,b,c,r,u,n) 

implicit double precision (a-z) 
integer j,n 
dimension gam(1 :50000),a(l :50000),b(1 :50000),c(l :50000), 

& r(l :50000),u(l :50000) 
if (b(1 ).eq.O)pause 
bet= b(l) 
u(1) = r(1 )/bet 
do 26 j=2,n 

gamG) = cG-1)/bet 
bet=bG)-aG)*gamG) 
if (bet.eq.O) pause 
uG) = (rG)-aG)*uG-1 ))/bet 

26 continue 
do 27 j=n-1,1,-1 

uG) = uG) - gamG+ 1 )*uG+ 1) 
27 continue 

return 
end 

subroutine ODESOL(Cg,CGo,Cin,x,dxdt,Cs,dCdtt,m) 
integer i,j ,n,m 
common /block/ Ds,Nosat,ks,rho,ca,cb,d,cso,csm,tempox 
common /block/ temp,ka,kd,Dm,Dm 1 ,pnew,kdx 
double precision Ds,He,ks,rho,dxdt, Cg, CGo, Cin,dLdt, CGnew ,x, 

& Cs,dCdtt,ka,cso,Dm,d, Csp,ca,cb,csm, thet,N osat, tempox, temp,kd 
double precision oxida,oxidb,oxidba,Dm 1 ,kdx 
double precision G,K,L,BETA,int1 ,int2,int3,int4,pnew 

c Calculate CG and CS in units of mole/cm3 and mole/cm2 
CGnew=Cg*(CGo-Cin)+Cin 
Csp=Cs*cso 
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c Calculate kd using last known CS 
c*************************************************************** 
c print* ,ca,cb,Csp 

kd = ca*dexp(cb*Csp/csm) 
kd = kd*dexp(5200.0d+00*(3.3557d-03-(l.Od+OO/temp ))) 

-
c Calculate dCs/dt based on current CG and last known CS, and kd 

if ((Csp/csm).gt.l.Od+OOO) then 
thet= 1. Od+OO 

else 
thet=Csp/( csm) 
endif 

Convfac = pnew*(l.Od-06*273.0d+OO)/(temp*22400.0d+OO) 

oxidb = 1.07223d-09*dexp( -0.7ld+00/(8.62d-05*temp)) 
oxidb = oxidb/2.0d+OO 
oxidba = 4.5278d+OO*dexp( -2.0d+00/(8.62d-05*temp )) 
oxidba = oxidba/2.0d+OO 
oxida = oxidb I oxidba 
dxdt = 60.0d+OO*(oxidb/(x+oxida))*thet 

c Turn oxidation on/off here 
dCdtt = ((CGo-Cin)*d* *2.0*ka*Cg)/( cso*Dml )+ 

& (Cin*d**2.0*ka)/(cso*Dml)-
& (d**2.0*kd*Cs)/Dml-(d**2.0/(Dml *cso))* 
& dxdt*rho 

c print* ,'dcdtt' ,cso 
c print*, ((CGo-Cin)*d**2.0*ka*Cg)/(cso*Dml) 
c print* ,(Cin*d**2.0*ka)/( cso*Dml) 
c print* ,-(d**2.0*kd*Cs)/Dml 
c print*,-(d**2.0/(Dml *cso))*dxdt*rho 

if ( dCdtt.gt.O.O) then 
dCdtt = O.Od+OO 

c print* ,'warning' 
endif 

return 
end 



NOTE TO USERS 

Page(s) missing in number only; text follows. Microfilmed as 
received. 
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