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ABSTRACT

The mass spectral peak observed at 19 amu in residual gas analyzers at very 
high (< 10' 6  Torr) and ultrahigh vacuum (< 10"9  Torr) has often been attributed to 
fluorine. Using Fourier Transform Mass Spectrometry, the hydronium ion, H3 CU, has 
been fully resolved from F+ and its correlation to water vapor concentration was 
determined to be linear as expected for a gas phase process. The comparison of the 
mass 19 signals for a conventional quadrupole mass spectrometer and a Fourier 
transform mass spectrometer on the same vacuum chamber indicated hydronium was 
the source of mass 19.

The partial pressures of H 2 O in the very high vacuum range and higher 
suggest there is sufficient H2 O density for the hydronium ions to form through ion- 
molecule interactions because hydronium formation was found to directly correlate 
with the H2 O partial pressure. However, in a QMS at UHV, formation of H 3 CU 
appears to occur principally by electron stimulated desorption (ESD). Introducing 
hydrogen into the system from 1 Langmuir exposure to saturation (1 x 10"6  Torr for 8  

hours) increased the H 3 0 + ESD yield detected by the QMS by as much as a factor of 
10. The initial hydronium ESD cross section from a hydrogen saturated grid was 
estimated to be a  ~ 1  x 1 0 ' 19 cm2.

TOF-SIMS sputter yields from the stainless steel grid of a quadrupole mass 
spectrometer also showed small signals of H 3 0 +, as well as its constituents (H+, 0 + 
and OH+) and a small amount of fluorine as F \  but no F+ or F+ complexes (HF+, etc.). 
Using x-ray photoelectron spectroscopy, a small amount (0.4%) of fluorine was found 
in the surface of stainless steel. Electron bombardment reduces the fluorine bound in 
surface complexes, but not metal halides found below the surface. However, heating 
the sample eliminated the F I s  signal entirely, indicating that fluorine is not likely to 
be the source of mass 19 in residual gas analysis. Also, changes in the spectral 
shoulders on the O Is and Cr 2 p 3 /2  peaks show that hydrogen dosing stainless steel 
and chromium increases the amount of hydroxides at the surface, while heating and 
electron bombardment reduce them.

xi
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CHAPTER I 

INTRODUCTION

1.1 Background

The vacuum technology industry has grown tremendously as advances have 

been made in the semiconductor industry and in materials science. Smaller 

semiconductor devices, thin film materials, innovative nanotechnology and micro­

electromechanical devices have required simultaneous advances in vacuum 

technology, low pressure physics and surface science. In order to study surfaces 

thoroughly and develop new technology, one needs to have a low pressure

Q
environment (< 10' Torr) where few molecules remain to interact with those 

surfaces. Even at such low pressures, molecules still enter the vacuum from 

contamination on the chamber walls or after having been dissolved in the metal walls 

themselves. This residual gas background can affect the surfaces or processes of 

interest.

1.1.1 Anomalous Peaks in Mass Spectra - ESD

It is important to know what the low pressure environment of a vacuum 

chamber contains because the residual gas or impurities can be incorporated into 

devices and materials as they are being made or studied. For a semiconductor
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fabrication plant, this could mean the loss of an entire batch of silicon wafers and 

millions of dollars. For a materials scientist, this could give erroneous data or change 

the expected properties of a new sample.

Mass spectrometry gives an indication of what types of atoms and molecules 

exist in a vacuum environment. It can give an indication of contaminants in a system, 

whether there is a leak or if a gas mixing process is correct. The molecules of interest 

ultimately end up in the gas phase, where they can be ionized in the ion source of a 

mass spectrometer.

A number of different mass spectrometers have been developed to analyze the 

ions. Magnetic sector types use the fact that charged particles follow different curved 

paths in a magnetic field, depending on their mass. Quadrupole mass spectrometers 

(QMS) use an oscillating electric field that allows particles of a particular mass to 

pass through to a detector. Normally, the detection is done by either measuring the 

ion current directly or by having the ions strike an electron multiplier and measuring 

the amplified current.

After detection, the ion current can be plotted corresponding to what mass was 

allowed to pass, yielding the peaks of a mass spectrum. There are many instances 

where a peak in a mass spectrum arises and it is difficult to readily identify the 

elemental composition or its source. For example, some ions originate from surfaces 

during electron bombardment and may not be associated with a typical residual gas. If 

an ion is suspected to be fragment of a larger molecule, libraries of mass spectra can 

be consulted to determine what it might be. However, sometimes molecules have
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mass numbers that are so close to each other that traditional mass spectrometers 

cannot differentiate between them, such as CO (27.995 amu) and N 2 (28.006 amu).

Using high resolution residual gas analysis, such as Fourier Transform Mass 

Spectrometry (FTMS) and time of flight (TOF) techniques, the confusion about the 

composition of a particular mass signal can be resolved. Early research has shown 

that a peak commonly attributed to one atom or molecule is actually made up of two 

or more species of slightly different mass. Mass 28 is often actually CO+, N 2 + and 

C 2 H4 +. Masses 15 and 16 are not just CH 3 + and CH4 +, but also NH+ and NH 2 +. Indeed, 

NH3+ is seen with OH+ and H 3 0 + is seen with F+ at 17 and 19, respectively, in a 10~7 

Torr diffusion pumped system .[l]

1.2 Pursuing FTMS Resolution of H 3 0 + and F+

In particular, it is not unusual for mass 19 to appear in the output of a mass 

spectrometer.[2] There are many possible species (see Table 1.1) that could be 

responsible for such a gas-phase signal.[3] Normally this signal is attributed to the 

presence of fluorine[4-7]* (18.998 amu), which is a reasonable assignment since there 

are numerous sources of fluorine in some vacuum systems, such as pump oils, 

elastomer seals and solvents. However, there are significant reasons to believe the 

signal is not fluorine. First, most residual gas analyzers only detect positive ions, and 

it is difficult to form positive ions of fluorine because it is the most electronegative 

element (electron affinity = 3.4 eV). Second, many fluorine-containing gases are also

* Ellefson, p.472; O ’Hanlon, pp. 152,221,312; Drinkwine, p.57
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electronegative and show a fragmentation pattern with the largest peak at the mass 

number corresponding to having one fluorine dissociatively removed. For example, 

SF6  does not have a significant peak at mass 19 in its positive ion spectrum. Also, 

most modem  ultra high vacuum systems utilize very few elastomers or pump oils, but 

the mass 19 peak is still often quite prevalent.

Other isotopes of oxygen or hydrogen could also account for the signal at 

mass 19 amu. However, the signal is generally greater than 2% of the mass 18 signal 

(H 2 O), while established isotopic ratios are 0.02% for deuterium and 0.038% and

17 180.205% for oxygen isotopes O and O respectively.[8 ] Clearly, these cannot 

account for such a large signal at 19 amu.

While most commercial quadrupole mass spectrometer (QMS) instruments 

cannot resolve peaks extremely close in mass (for example the mass difference 

between H3 0 + and F+ is Am = 0.02 amu), Fourier transform mass spectrometry, also 

known as Fourier transform ion cyclotron resonance (FTICR) mass spectrometry, has 

the very high resolution required to differentiate between gas species with similar 

mass numbers. This technique detects the motion of ions confined by a set of 

electrodes located in a strong, uniform magnetic field. As the ions move, they induce 

an image current in the electrodes that is then amplified. This signal contains all the 

frequencies corresponding to ion masses, each with an amplitude related to the 

number of ions of that mass. The frequencies are separated by performing a Fourier 

transform on the signal, resulting in a mass spectrum.

FTMS usually uses very high magnetic fields (over 1 T) in order to obtain 

mass spectral data of large molecules, such as proteins that are o f interest in biology
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and pharmacology. As magnetic field strength increases, so does the resolving power 

(m/Am) of the instrument. Some instruments have resolving power greater than 106.

TABLE 1.1 Molecules at approximately 19 amu.[3]

Molecule Mass

F 18.99840320

h 18o 19.00698543
d 17o 19.01323328
h 2I7o 19.01478156
h d 16o 19.01684143
h 316o 19.01838972

1 5n d 2 19.02831245
1 5n h 2d 19.02986074
15NH4 19.03140903
1 4n h d 2 19.03910259
1 4n h 3d 19.04065088

1 3c d 3 19.04566017
1 3c h 2 d 2 19.04720846
I2 c h d 3 19.05013037

1.3 Measuring Gas Phase H 3 0 +

An alternative to fluorine as the source of the mass 19 signal is the formation 

of hydronium (H 3 0 +) ions (19.018 amu). It is well known that hydronium is present 

in liquid water and that proton exchange between water molecules occurs quite 

frequently. There are also a number of gas-phase reactions that can lead to the 

formation of hydronium, including:
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H 2 0 + + H20  H 3 0 + + OH (1.1)

Realizing that water vapor is a major constituent of many vacuum systems, it is 

helpful to consider how hydronium formation occurs in the gas phase. However, 

some researchers have suggested that hydronium cannot be a significant contributor 

to the mass 19 signal at ultrahigh vacuum because of the lack of water in these 

systems. [9] Even when water was introduced into the vacuum system causing the 

mass 19 signal to increase, the water purity was questioned (fluorine contamination) 

rather than considering hydronium to be the source. [9] Fortunately, the gas phase 

formation of hydronium can be studied using the FTICR mass spectrometer because 

ionization times and reaction times can be adjusted within the spectrometer.

1.4 Pursuing an ESD M echanism for H 3 0 + Generation

Ion energy distribution experiments by Adrados[9] and Neave[10] have 

shown that the mass 19 peak is most likely due to electron stimulated desorption from 

the grid of the ion source of the mass spectrometer. Since ESD ions have slightly 

more kinetic energy and come from different points within the ionizer compared to 

ions formed in the gas phase, it has been possible to differentiate the origins by 

varying electrode potentials in mass spectrometers. The general consensus is that 

fluorine may exist throughout the bulk of many metals, much like hydrogen, except 

with lower concentrations.! 11] Impurities can be incorporated from metal halides in 

the air,[12] Freon cleaning agents,[13] or ions in rinse water or in moisture from
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human hands. Thermal desorption spectroscopy[14] and secondary ion mass 

spectrometry (SIMS) has shown sodium, chlorine and potassium[12,13,15] to be 

present in stainless steel as well as other metals (W, Re), but the amount of these 

metal halides at the surface is not as great as that of oxygen or hydrogen.

W hile there are reasons to consider fluorine to be the source, hydronium must 

also be considered. Hydronium generation through surface processes has been 

observed in early field desorption experiments [16] and more recently through the 

ESD mechanism.[17] Generation of hydronium by ESD, though suggested,[10] has 

not been examined extensively. It is interesting to consider, then, the formation of 

hydronium in the ion source of a QMS. The effects of dosing with hydrogen should 

give insight into the processes involved.

1.5 TOF SIMS and XPS Characterization of Stainless Steel

Because anomalous peaks in mass spectra seem to originate from surface 

species, it is helpful to use other surface analysis techniques to gain additional insight. 

Time of flight secondary ion mass spectrometry (TOF SIMS) is an extremely surface 

sensitive technique that can resolve 0.001 amu. The technique has been used to study 

stainless steel composition and surface chemistry,[11,18] which is of particular 

interest since the grid o f many ion sources are made of this material. The act of 

bombarding the sample during TOF SIMS analysis leads to thermal surface 

desorption. As the ions bombard the surface, they transfer their momentum to the 

surface atoms, but they can also cause ion stimulated desorption (ISD). This type of
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desorption occurs much like ESD, through induced electronic transitions. Any atoms 

that desorb by ESD could be expected to desorb through ISD, though the extent of the 

comparison may be limited. Nevertheless, this technique gives a general idea of the 

surface composition and the propensity of the constituents to form positive or 

negative ions.

SIMS spectra have shown that there are atoms of Na and K in stainless steel, 

and this is actually common for other metals like W  and Re as well.[12] Since Na is 

present, it could be expected to be an ESD product as much as fluorine. As an 

electropositive element, it would normally exist as a positive ion having small enough 

size to diffuse, much like a fluorine atom would. Na vapor has been seen in the sparse 

atmosphere of M ercury and the Moon, presumably from solar photons and electrons 

bombarding the surface causing PSD and ESD .[19] However, Na+ is not usually seen 

in residual gas spectra from vacuum systems, further calling into question the 

assignment of the mass 19 signal to F+.

X-ray photoelectron spectroscopy (XPS) is another technique that provides 

information about surface composition and the chemical state of the constituents.

XPS has been used to show that the surface of stainless steel forms oxides and 

hydroxides.[18] These species could be the source of hydronium ions seen in mass 

spectra. Sample preparation can affect surface chemistry, as can processing. By 

noting changes in spectral peak shapes and locations, the composition and surface 

chemistry can be observed before and after heating and electron bombardment of the 

sample. For instance, reduction of the peak shoulder corresponding to O bound to H
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indicates the loss of OH or H. XPS also reveals information about the fluorine content 

and how it changes after different processes.

W e see that anomalous peaks in mass spectra can lead to confusion in the 

analysis of residual gases. It is therefore useful to attain better resolution of these 

peaks and explore their origin and behavior. This dissertation shows that mass 19, in 

particular, can be resolved and can be assigned primarily to hydronium in very high 

and ultra high vacuum. The behavior of this peak in a quadrupole mass spectrometer 

is explored and the effects of hydrogen dosing are considered. Surface analysis is also 

performed in order to discover more about the source of the mass 19 signal. Since 

fluorine and hydronium are potential sources of mass 19, we now look to the 

literature about the behavior of these species and how they may interact with surfaces.
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CHAPTER II 

THEORY AND LITERATURE SURVEY

In order to further understand how the anomalous peak at mass 19 amu may 

arise in mass spectra, we must explore how atoms, molecules and electrons interact 

with surfaces. It is useful to know what research has shown about desorption of 

fluorine, the formation of hydronium and the interaction o f water with surfaces. It is 

also helpful to understand the surface science of stainless steel because this material 

is prevalent for components of vacuum systems. In this chapter we look at these and 

other related topics.

2.1 Adsorption and Desorption

Even in ultrahigh vacuum conditions, the surface of a material is not pristine. 

There is still a residual gas background in the vacuum system that impinges upon the 

surface. The particle flux, T, that strikes a unit surface is given by the relation

T =  nv/4 (2.1)

where n is the particle density and v is the average velocity. Once these gas molecules 

strike the surface a number of processes can occur. The gas particles could be
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diffusely or specularly scattered or be adsorbed on the surface. Subsequently, they 

could be incorporated into the bulk.

The gas molecules that are adsorbed may be either physisorbed or 

chemisorbed. Both processes may require some activation energy in order to occur. 

Physisorbed gas molecules are bound to the surface through weak van der W aal’s 

forces with energies less than 40 kJ/mol (< 0.40 eV). Chemisorbed molecules are 

more strongly bound and desorb slowly unless energy is applied through heat or 

bombardment by electrons, photons, atoms or ions.

For example, hydrogen is strongly chemisorbed to metal surfaces with binding 

energies of 160 kJ/mol (1.66 eV). W ater that first adsorbs on a metal surface is bound 

with a binding energy of about 96 M J/kg-mole (1.00 eV). W ater molecules bound to 

other water molecules in subsequent layers have a binding energy of 40.6 MJ/kg- 

mole (0.42 eV).[5]*

Assuming that all molecules stick to the surface as they arrive and occupy an

'y
area o f d0  , the time required to saturate the surface with one layer of molecules 

(monolayer) is given by

t"‘ = Td* = nvd; <2'2)

When species desorb from a surface via thermal processes, they may leave via 

first or second order processes. First order desorption involves atoms or molecules 

that desorb directly from their bound state (no recombination). They desorb at a rate

O ’Hanlon, pp.58-59
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that is proportional to their surface concentration. First order desorption can be 

described by the equation

where C(t) is the concentration of molecules on the surface as a function of time, ki is 

a rate constant that is dependent on the desorption energy, Ed, the temperature, T, 

Boltzmann’s constant, kB, and the residence time of a molecule in an adsorption site 

x0. Ki is the reciprocal of the average residence time, Tr, that a molecule stays on the 

surface. Using this substitution and integrating yields

where C 0  is the initial concentration.

Second order desorption involves molecules that recombine before desorbing. 

Examples would be H2  and CO. The desorption process involves a reaction which is

C(t) (2.3)

(2.4)

proportional to the concentrations of each o f the two species.[5]* Second order

desorption can be described by the equation

(2.5)

* O’Hanlon, p.59
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where k 2  is of the same form as kj. In the case of second order desorption, the time

2
required to clean a surface is longer since the rate decays as 1 /t .

2.2 Electron Stimulated Desorption

Desorption can also be induced by electronic transitions through photon 

excitation and atom or electron bombardment. Electron stimulated desorption (ESD) 

generally refers to the release of adsorbed species as energetic neutral and ion 

fragments due to electronic excitations (as opposed to thermal effects) by low energy 

electrons (< 500 eV). ESD phenomena are physical and chemical effects that occur 

during bombardment, including bond alteration and surface decomposition. The 

angular distribution o f ions from electron stimulated desorption can also be used to 

understand bond directions since the positive ions are often ejected in beams 

depending on their surface orientation. [2 0 ]

For a species of surface concentration C(t), first order desorption is described

by

dC(t)
= - nQC(t) (2.6)

dt

2
where C(t) is the coverage of adsorbed species (1/cm ) in the particular binding state

2 2 
involved, n is the electron flux (1/cm sec) and Q is the cross-section (cm ). In terms

of ion desorption current,
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i+ = IeQ +C(t) (2.7)

where i+ is the ion current (A), Ie is the bombarding electron current (A) and Q+ is the 

ionic desorption cross-section (cm ). The particular binding states of the adsorbed 

species are differentiated by their activation energies.[20] Typical thresholds for ESD 

are in the range o f 5 to 20 eV. Typical cross-sections for ion desorption from weakly 

bound states are ~ 1 0 " 18 cm 2  and for neutral desorption ~ 1 0 ' 1 6 cm2. [2 1 ]

The Menzel-Gomer-Redhead[22,23] (MGR) model for ESD proposes that an 

incident electron excites a bonding electron in an adsorbed atom to a nonbonding or 

anti-bonding state. The effective potential between the adsorbed atom and the surface 

atom becomes repulsive and the atom is able to desorb in either the neutral or an 

ionized state. An energy diagram of this process is shown in Figure 2.1. The ESD 

neutral gas flux can be as high as 1 0  * atom per incident electron while the flux of 

desorbed ions is much smaller, on the order of 10' ion per incident electron. [5]

The MGR process depends on the manner in which a molecule is bound to the 

surface; hence, some molecules are not desorbed by this process. For highly 

electronegative atoms, such as oxygen, an unlikely large charge transfer of 2 or 3 

electrons between surface atoms could be required for oxygen desorption to be 

explained by the MGR mechanism.

* O ’Hanlon, p.66
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FIGURE 2.1 A potential energy diagram of the MGR ESD process shows that an 
adsorbate atom (A) can be excited to a non-bonding state leading to desorption with 
kinetic energy Ek from a substrate atom (M).

Knotek and Feibelman[24] (KF) presented an Auger decay mechanism to 

explain thresholds and charge transfer involved in ESD. A core hole is first created by 

the incident electron and this hole is filled by an Auger electronic transition. The 

electron comes from a higher orbital in either the adsorbed atom (intra-atomic 

transition) or a substrate atom (inter-atomic transition). This process is shown in
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Figure 2.2. The Auger transition leaves the atom in a charged state that is repulsive to 

the substrate material. The new ion then desorbs via Coulombic repulsion.

An inter-atomic Auger transition is slower than an intra-atomic transition, so 

0 + desorption via the KF process would be more likely to occur in maximum valence 

oxides (Ti0 2 , W O 3 ) where there are no valence electrons left on the metal atoms. For 

instance, there is a weak threshold at 21.8 eV for 0 + desorption from TiC>2 due to an 

intra-atomic transition to the O 2 p level, which leaves limited energy available for 

desorption. However, a strong threshold exists at 34 eV corresponding to an inter­

atomic Ti 3p hole decay.[24] 0 + desorption is less likely from materials with valence 

electrons left on the metal atoms, as in NiO and Cr2 0 3  found on stainless steel 

surfaces. In these cases, the metal atom core hole can be filled from within the metal 

atom itself.

An intra-atomic transition can be favored for some species. For example, F+ 

and OH+ have strong thresholds corresponding to the F (31 eV) and O (21.8 eV) core 

level energies when bonded to TiC>2 because they exist in a -1, not a -2, charge state. 

Thus, more energy is available from an intra-atomic transition.[24]

There is other evidence of the KF mechanism. F2+ ions desorbed from a 

sputtered aluminum surface had twice the energy of F+ ions, as would be expected 

from the Coulombic ejection of the KF mechanism.[25] Also, photon stimulated 

desorption of H+, OH+ and F+ from TiC>2 verify the KF mechanism since appearance 

thresholds correspond to core level energies.[26] This photodesorption effect also 

occurs in semiconductors (Cr0 2  in stainless steel). A hole-electron pair is created by
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an incident photon and then the hole recombines with the bonding electron, releasing 

the adsorbed atom.[5,27]*

Auger Electrons

Conduction Band

Fermi Level
Valence
Band

•  Q

Surface Atom Adsorbate Atom

FIGURE 2.2 A schematic of the Knotek-Feibelman model shows an inter-atomic 
Auger transition after a core hole is formed in the surface atom 3p orbital. The 
adsorbate is left in a positive state, repulsive to the surface atom.

ESD can lead to errors in total pressure measurements. An increase in local 

pressure around an ionization gauge due to desorbed neutrals can lead to increased 

gas phase ionization or additional ESD ions striking the collector of a gauge can give 

higher pressure indications.

’ O’Hanlon, p.67
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Several methods have been suggested in order to reduce the error (sometimes 

a factor of 10 to 100) associated with ESD in measuring system pressure. The 

modulated Bayard-Alpert gauge design adds a modulation electrode to the 

conventional geometry to differentiate gas phase ions from surface ions and x-ray 

generated photoelectrons. The extractor ion gauge has its collector out of sight of the 

grid, so that ESD ions do not reach it directly. Because ions originating from the 

surface due to ESD have more kinetic energy (several eV) than ions originating in the 

gas phase from electron impact, they collide with the shield instead of being reflected 

toward the collector.[28]* Grid heating techniques have been also been suggested.[29] 

Heating a Pt grid to approximately 500 °C after previous cleaning by electron 

bombardment to 1000 °C seems to minimize the spurious H peak from out-diffusion 

and subsequent stimulated desorption.

ESD also causes errors in partial pressure measurement and analysis.[6 ] 

Anomalous peaks in double-focusing mass spectrometers (e.g. QMS or E x B) can be 

seen, as ESD surface ions are detected. If not understood, they may be incorrectly 

identified.

2.2.1 Bonding states and surface reactions

The results of electron bombardment of adsorbed surfaces are dependent on 

the bonding states of adsorbed species, what species coexist on the surface, the 

surface material and the surface condition (defects). The bond location and

* Ellefson, p .421 -422
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orientation when a molecule adsorbs may determine whether it desorbs through a first 

or second order process. Both adsorption and desorption can be affected by surface 

condition, since defects can provide reaction sites. The presence of surface 

contaminants and multiple adsorbates may lead to electron stimulated reactions.

A good example of the effects of bonding states is the case of carbon 

monoxide on metals.[20] CO adsorbs on tungsten in several possible states. One 

orientation ((3-CO) has both atoms bound to the surface and thereby weakening the C- 

O bond. Another more weakly bound orientation is where the carbon atom is attached 

to the surface by a single bond (a-CO). The molecule can also be double bonded 

between the carbon atom and the surface. The double bonded carbon state will tend to 

leave a carbon residue and can be converted to the (3-CO state upon electron 

bombardment. These states may have sub-states that yield either CO+ or 0 + by ESD. 

The tendency seems to be that CO initially adsorbs in the strongly bound state with 

lower ESD cross-section, with subsequent adsorption on neighboring sites having 

weaker bonding. This is consistent with the fact that electron stimulated desorption of 

CO+ from CO adsorbed on W  decays rapidly with time compared to 0 + desorption 

rate decay. [2 0 ]

As another example, at low temperatures (< 100 K) nitrogen adsorbs on 

tungsten in two groups of states: strongly bound atomic states and weakly bound 

molecular states. The atomic states do not seem to be influenced by electron 

bombardment. [20] The molecular nitrogen can be converted to an excited molecule 

by electron bombardment and can subsequently be converted to an atomic 

species.[2 0 ]
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The substrate material can determine the bonding state of the adsorbed 

species. For instance, CO seems to adsorb molecularly on Ruthenium (001), with the 

C -0  bond angled from the surface.[30] However, CO adsorbs dissociatively on 

stainless steel and desorbs through second order recombination processes as 

determined by temperature desorption spectroscopy and Auger electron 

spectroscopy. [31,32]

Electron stimulated reactions are also possible on surfaces and depend on 

surface conditions and the types of adsorbed atoms and molecules. For instance, 

hydrogen and oxygen can react with carbon to produce methane and carbon 

monoxide. [5]* Photo-dissociation of adsorbed CF with the 0 - 0  bond parallel to step- 

edge sites on Pt will tend to eject an O atom toward a CO molecule producing CO 2  

that desorbs.[33] Similar orientation specific reactions could also take place between 

other constituents during electron bombardment, like water and hydroxyls.

2.2.2 Fluorine

The prevailing thoughts about the source of ESD fluorine are that the fluorine 

either exists in the grid of ion sources and gauges a priori or through some processing 

step. Another thought is that it is transferred to the grid in some manner, such as from 

heated filaments,[34] migration of alkali halides[14] or accretion from the 

background.[35] Certainly where fluorine-containing compounds are used (e.g.

* O ’Hanlon, p.66
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CCI2 F 2 ), ESD fluorine can be expected.[36,37] Nevertheless, F+ generation is 

unlikely compared to F' generation for such electronegative compounds.

Experiments by de Moraes and Lichtman[38] using a magnetic sector mass 

spectrometer show that with increasing coverage of CCI2 F 2  on a clean W  surface, 

yield at 19 amu (attributed to F+) increased, flattening to a near constant current at 

about 5 Langmuir. Desorption was observed with a coverage as low as 104 

Langmuir. The decay in signal during ESD was found to follow the sum of two 

exponentials with cross sections found to be 4.5 x 1048 cm2 and 5.4 x 10"19 cm2. The 

coverage sensitivity of ESD to fluorine from CCI2 F 2  on W  is estimated to be 3 x 109 

atoms/cm2 whereas sensitivities of AES and XPS are on the order of 1011 or 1012 

atoms/cm . The ESD sensitivity to F was 10 times greater than that for Cl.[38] In 

contrast to CCI2 F 2 , the F ion current from C 2 F 6  on W  decayed more rapidly, again as 

the sum of two exponentials, with cross sections o f 1 x 1047 and 9 x 10"l9cm2.[37]

Park et a /.[39] coated a W(100) surface with the fluoride flux from a C 0 F3 

oven. The W  crystal could be heated and bombarded with an Auger electron gun. The 

ion energy distribution was measured using a cylindrical mirror analyzer and showed 

the onset of desorption at 15 eV with peaks at 27, 36, 47 eV. The 36 and 47 eV peaks 

correlate well with ionization potentials for W  core levels, suggesting the KF 

mechanism involving inter-atomic Auger decay, described in section 2.2. However, it 

is not likely that fluorine removes enough valence electrons from W  to induce an 

inter-atomic Auger decay, so this disagrees with the maximum valency argument of 

KF.
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The 27eV peak is likely due to the fluorine 2s core level at 31 eV with 

correction for the surface work function. [39] This agrees with other work where 

fluorine can be removed from a CaF2 surface via ESD if the electron energy is above 

28eV. Both cases point to the intra-atomic Knotek-Feibelman mechanism.[40]

The 15 eV threshold, however, is explained best by the MGR mechanism, 

described in section 2 .2 , where the energy necessary to excite and desorb an atom is 

given by (E + cp), such that

If the adsorbate is considered near the vacuum level, the energy available for the 

process is (E + cp) -  9 , and, thus,

where E is the kinetic energy of the incident electron, Ek is the kinetic energy of the 

desorbed atom, V, is the ionization potential of the adsorbate, Ed is the desorption 

activation energy, and cp is the work function of the substrate.[39]

As the substrate temperature was raised, the desorption current dropped. This 

cannot be explained by the MGR model because the current would increase due to 

increased distance between adsorbed species and the surface. However, increased 

fluorine-tungsten distance would decrease inter-atomic Auger decay, as explained by 

the KF mechanism. Flashing the W  crystal to 2000 °C eliminated the ESD signal and

(E + cp) = Vi -  (p + Ek + Ed (2 .8)

E = Vj + Ed + Ek -  cp (2.9)
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there was no increase after 2 hours. This suggests that the F+ ion signal was not 

attributable to residual gas adsorption or diffusion of F from the bulk to the surface. 

The persistence of the F+ signal after heating the W  crystal to 1500 K at low coverage 

suggests dissociative adsorption of fluorine because it is tightly bound.[39] Work 

with SF6  is also best explained by dissociative adsorption.[41]

Different substrates can lead to slight differences in the desorption 

mechanism. Fluorine adsorbs as F' ions on aluminum and is strongly bound. F+ ions 

are found bound to aluminum but their adsorption energies are lower and their 

equilibrium distance is further from the surface. The difference in bonding is due to 

different screening mechanisms. Negative ions are screened only by an image 

mechanism, where the surface acquires a balancing positive charge. Positive ions are 

screened by both image and charge-transfer mechanisms, where electrons from the 

metal substrate can occupy large radius 3s and 3p orbitals.[42]

For desorption of fluorine from silicon, two mechanisms can occur.[43,44] If 

a F anion core hole is first produced, an intra-atomic Auger decay can fill the F core 

hole, and the atom is left in a +1 charge state. This leads to Coulomb repulsion 

between the nascent F+ ion and Si cation. If a Si cation core hole is produced first, an 

inter-atomic Auger decay is necessary to form F+ and tends to occur because so much 

charge is transferred to the fluorine in forming the chemical bond. For chlorine 

adsorption, this process is quenched due to less original charge transfer. [43,44]

From the experiments above, the ESD behavior o f fluorine tends to agree 

more with the KF mechanism, but may not always agree with the maximum-valence 

argument. The specific process can also be influenced by the type of substrate. In
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cases where fluorine-containing compounds are under study, fluorine is a more 

probable explanation for a signal at mass 19.

Over the years, however, there have been a number of experiments where the 

signal at mass 19 was attributed to fluorine, but may have actually been hydronium 

because there was no obvious source of fluorine. In an experiment by Floyd and 

Prince,[35] the fluorine source was supposedly an hour of background accretion after 

tungsten was heated to 2200 K. Two total desorption cross-sections were found for F+

(or perhaps H 3 0 +) on W: 2 x 10" 18 and 3 x 10' 1 9  cm2, and the ionic desorption cross-

20 2section of one possible state was 3 x 10' cm . [35]

In another experiment on tungsten by Yates and King, [34] the mass 19 signal 

increased each time the TI1O 2  coated W  filament was taken to a higher temperature 

with no respect for biasing, indicating a neutral fluorine-containing species is 

transferred. Suggested species were W OF 4  and ThOF 2 . Repeated heating of the 

sample to 2500 K reduced the signal. [34] However, hydrogen and oxygen are more 

likely to have been transferred.

Other work with stainless steel has yielded a fluorine (perhaps H 3 0 +) ESD 

cross-section at 1000 eV of 9.6 x 10‘ 18 cm2. Heating the target to 450 °C and allowing 

the target to equilibrate for several hours without heat or bombardment, supposedly 

hastened fluorine buildup, but it also increased the partial pressures of water and H 2 . 

Upon electron bombardment, the fluorine signal was also noted to increase initially. 

This was suggested to be due to H being freed from surface sites that were then 

occupied by F. But it could also be due to a flash of water vapor or H 2 .[1 2 ]
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It is normally suggested that fluorine desorbs via the KF mechanism.

However, experiments have shown that the threshold for F+ emission (perhaps H 3 O) 

from W  (100) was approximately 24 eV and does not occur near the F 2s binding 

energy o f 31 eV (also listed at 37.2 eV) or any W  levels as the KF mechanism would 

require. The threshold for Cl+ was at 17 eV, corresponding well with the Cl 3s level 

and supporting the KF intra-atomic Auger mechanism. [45] The threshold correlates 

better for hydronium since the O 2s binding energy is at 28.7 eV. The difference 

could then be due to energy required to break the metal-O bond and other H bonds. 

Fluorine binding energy is reportedly above 3 eV on W[35] and 4.65 eV on Mo.[46]

2.2.3 Precursors of water and hydronium

It is helpful to understand how oxygen, hydrogen and hydroxides behave 

when bombarded with electrons, since they are the precursors of water and 

hydronium. Fortunately, there has been a considerable amount of work exploring 

ESD of these species.

Oxygen is almost always found at the surface of metal substrates in an oxide 

layer. It will sometimes be removed preferentially by electrons interacting with metal 

oxides, and Auger studies have shown the decrease in oxygen signal and the chemical 

shift of metal atoms from oxide to metallic states. This has been seen with oxides of 

several metals, such as aluminum, molybdenum, tungsten and niobium .[2 1 ]

The oxygen on tungsten system is complex. Under electron bombardment 

there is evidence of two adsorbed states, one that does not yield a significant number
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, _9  ̂ 9
of ESD O ions (cross section < 2 x 1 0 “ cm ) and one that did with a cross section of

-90  9about 3 x 1 0 “ cm . The ion yield state is molecular and makes up only a small 

fraction of the total surface coverage. [20] Oxygen on W  (100) seems to desorb 

according to the KF inter-atomic Auger mechanism since the thresholds seen 

correspond to W  core-levels. The threshold was found to be about 24 eV.[45]

Hydrogen is the most prevalent element in the universe and, because it is so 

small, it permeates almost every material. In vacuum systems, it is found throughout 

the bulk of metal chamber walls and in the substrates of samples being tested.

Because it is so pervasive, it is the main constituent of the residual gas atmosphere in 

most ultrahigh vacuum systems.

Using ESD mass spectrometry, it has been shown that H 2  initially adsorbs on 

Ni molecularly and yields ESD H+. Upon heating, there is a conversion to a more 

strongly bound atomic state and the H+ signal is cut in half. Heating to 730 K leads to 

H 2  desorption and the H+ signal disappears.[20]

ESD H+ ions leave surfaces with some kinetic energy which may differ 

depending on substrate and source. M olecular hydrogen is an obvious source of H+. 

Water can be a source of ESD hydrogen ions as well, but is not usually a source of 

molecular H 2 + ions. The H+ mass 1 peak tends to follow water vapor partial 

pressure.[10] H+ ion emission energy was found to be near 2 eV from H 2  on W  and 

near 4 eV for H 2 O on W.[47] Additional ion energy distribution data for surface 

species (most likely water) from tungsten show maxima at 4.4 eV for H+, 4.5 eV for 

F+ (perhaps H 3 0 +) and 10.2 eV for 0 +.[9]
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Other results on stainless steel show the ESD ion energy to peak at 3.3 eV for 

H+ and 2.3 eV for F+ (perhaps H 3 0 +). The H+ ESD cross-section at 1000 eV was 

found to be 1.3 x 10 ' 1 6 cm2. When the SS is taken above 450 °C for several hours, the 

H+ signal decreases to zero while F+ (H 3 0 +) stays fairly strong. Upon cooling, the F+ 

is still strong and the H+ signal returns to original levels.[12]

2.2.4 ESD of water and hydronium

There has been considerable interest in electron and photon stimulated 

desorption of water, especially in the area of astrophysics. Electron and photon dose 

and substrate temperature have a great effect on yields, which suggests a second order 

process involving precursors.[17,48] On metal surfaces, the strong chemical 

interaction with water limits the lifetime of electronic excitations of adsorbates, while 

on weakly physisorbed surfaces the excitation lifetime is longer since the excitation is 

confined to the overlayer. This allows other channels for water desorption or 

dissociation. [17]

When D 2 O was adsorbed on a solid Ar substrate the ESD yield of D 3 0 + and 

other D+(D2 0 )n cluster ions was highest at low exposure (< 1  monolayer) and 

decreased with increasing coverage. However, the D+ yield was found to increase 

with increasing coverage. The D+ ion desorption results from dissociative ionization 

of D 2 O and the D+ yield is related to the number o f O-D bonds at the top surface 

layer. The cluster ions are ejected by Coulombic repulsion from valence holes created 

by Auger decay. In order for this to occur, the holes need to be confined in the cluster
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for more than 10 fs without diffusing into the substrate. On metal substrates, the 

chemical interaction with water can delocalize valence holes, leading to few desorbed 

positive ions other than H+.[17]

Valence holes are absorbed by the hydrogen in water forming protons which 

are then available to form hydronium ions. Proton diffusion occurs on the order of 1 

ps, much longer than the time needed for Coulombic repulsion or the diffusion of 

valence holes (1 fs).[17] Thicker layers of water tend to delocalize the valence holes 

due to the hydrogen bonding network. Because of hydrogen bonding, the cohesive 

energy of water (6.1 kcal/mol) is much larger that of the argon substrate (1.85 

kcal/mol).[17]

An alternative mechanism of hydronium desorption is supported by ultraviolet 

photon stimulated desorption in a water-on-graphite system. Again higher water 

coverage leads to lower yields of H 3 0 + (D 3 0 +), while H+ (D+) increased with 

increasing coverage. This is most likely because fewer hydrogen bonds must be 

broken in low coordination sites. Also, sufficient photon energy is required for 

desorption to occur. W ith 21eV photons, only H+ (D+) desorbs, while with 41eV 

photons, hydronium is also desorbed. The D 3 0 + signal was greater than D+, whereas 

the H+ signal was greater than H 3 0 +, suggesting that D+ transfers momentum to a 

D 2 O molecule more efficiently than H+ to H 2 O. [48]

The proposed mechanism for H 3 0 + desorption requires a dissociative photo­

ionization event that breaks the O-H bond in a water molecule that is in close 

proximity to another low coordination number water molecule (i.e. near the surface). 

Since the water molecules are hydrogen bonded, the free proton will move along the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



30

axis o f the bond and combine with the other water molecule to form H 3 0 +. The 

proton provides sufficient kinetic energy to the hydronium to break the other 

hydrogen bonds (~ 0.25 eV each) and overcome the image charge attraction (~ 0.6 

eV). H is not as massive as D, hence less momentum is available and the yield of 

H 3 0 + is smaller than that of D 3 0 +. There seems to be a preferential breaking of 

hydrogen bonded O-H bonds over free O-H bonds. This could be due to the fact that 

the reaction to form D 3 0 + is more exothermic (7.3 eV) than that to form D+ or 

perhaps more modes of vibration absorb additional energy.[48]

2.3 Stainless Steel and Chromium Oxide

The 300 series of austenitic stainless steels, characterized by an iron-carbon 

alloy containing more than 13% chromium, is the most frequently used in gas 

handling instrumentation and vacuum systems; 304 and 316 are the most common.[5] 

Austenitic stainless steel has a face-centered cubic (fee) structure at room temperature 

because it is stabilized by the alloy addition of nickel. For example, the composition 

(wt. %) of 316 stainless steel is C (0.08), Mn (2.0), Si (1.0), Cr (16 to 18), Ni (10 to 

14) and Mo (2 to 3).[49] The 300 series stainless steel is used in vacuum systems 

because it is resistant to corrosion, easy to weld and is non-magnetic. It can also have 

a low outgassing rate because of the oxide layer that can form on the surface.[5]*

The presence of chromium is what gives the steel its corrosion resistance and 

low outgassing rate. Chromium diffuses to the surface of the steel and forms a very

* O’Hanlon, p. 289
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stable oxide, Cr2 0 3 . The sizes of chromium atoms and their oxides are similar, so 

they form  a stable oxide that can be several atomic layers thick with a high packing 

factor due to the similar atom ratio of Cr and O. has the corundum crystal 

structure and a rhombohedral Bravais lattice that closely approximates a hexagonal 

lattice having close packed O ' sheets with 2/3 of the octahedral interstices filled. 

There are 30 ions per unit cell: 12 Cr3+ and 18 O2". [49] A representation of the 

structure of Cr2 0 3  is shown in Figure 2.3.

If the stainless steel is heated to high enough temperatures (~ 800°C), more 

chromium will segregate to the surface and scavenge oxygen from the iron, forming a 

thicker oxide layer. If raised to higher temperatures, the chromium can evaporate out 

of the steel. In fact, during welding of stainless steel parts, the chromium can be 

depleted in regions adjacent to the weld leaving those areas susceptible to 

corrosion. [49]

If the metal is cut or scratched and the passive film is disrupted, more oxide 

will quickly form and recover the exposed surface, protecting it from oxidative 

corrosion. (Iron, on the other hand, rusts quickly because atomic iron is much smaller 

than its oxide, so the oxide forms a loose rather than tightly-packed layer and flakes 

away.) The passive film requires oxygen to self-repair, so stainless steels have poor 

corrosion resistance in low-oxygen and poor circulation environments. In seawater, 

chlorides from the salt will attack and destroy the passive film more quickly than it 

can be repaired in a low oxygen environment.[50]
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(0 0 1 ) orientation

Cr3+ O2'

FIGURE 2.3 Cr2 C>3 has the corundum structure. The unit cell is shown 
superimposed on both top and side views. Black dots are Cr3+ ions.

The chromic oxide serves as a capping layer for the bulk stainless steel.

Carbide precipitation and inclusions can also be problems when using 

stainless steel for vacuum vessel fabrication. The carbon that precipitates at grain 

boundaries during welding or improper cooling can deplete chrome from surrounding 

areas, causing them to be susceptible to corrosion. One solution to this problem is to 

use a low carbon steel alloy, such as 304L or 316L.[5]*

* O’Hanlon, p. 305
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2.4 W ater

Compared to other small molecules, water behaves rather differently. W ater 

has a large heat capacity, a high latent heat of evaporation, and has unusually high 

melting, boiling and critical points. For instance, methane melts at -182 °C and boils 

at -164 °C, even though it has a lower molecular weight than water. W ater also has 

unusually high surface tension, viscosity and thermal conductivity. These can all be 

explained by the formation of hydrogen bonds between the water molecules.

The water molecule is highly polar because the oxygen atom has two lone 

pairs of electrons that are not involved in a bond. These electrons are situated to one 

side of the oxygen atom, giving that side a slightly more negative charge. The 

electrons involved in the bonds with the hydrogen atoms spend more time between 

the hydrogen and oxygen atoms, exposing the more positive hydrogen nucleus. 

Therefore, the hydrogen atoms of one molecule can be attracted to the oxygen atom 

of another, yielding potentially four hydrogen bonds per molecule. These hydrogen 

bonds require extra energy to break, giving rise to the properties above. Because the 

hydrogen atoms and electron pairs are situated at close to tetrahedral angles around 

the oxygen nucleus, liquid water can have a degree of three dimensional structuring 

and can be thought of as existing in ionic clusters.[51]

The strongest of all the bonds involved with water is the covalent bond 

(sharing of electrons) between H and O, which has an average energy of 460 kJ/mol 

(110 kcal/mol or 4.5 eV). The bond between a water molecule and a surface is 

considered a dative bond (involving electrical attraction) and is on the order of 40 to
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90 kJ/mol (10 to 20 kcal/mol or 0.4 to 0.9 eV). Finally, the hydrogen bond (between 

H of one water molecule and O of another) is typically only about 23 kJ/mol (2 to 10 

kcal/mol or 0.08 to 0.4 eV), but is still stronger than van der W aal’s bonding, which is 

typically about 1.3 kJ/mol (0.3 kcal/mol or 0.001 eV).[52] Ionic bonds (electrostatic) 

are typically between 16 and 30 kJ/mol (4 and 7 kcal/mol or 0.1 to 0.3 eV), but can be 

much higher. The hydrogen bond is mostly a dipole-dipole bond, but is partly 

covalent. A range of bond strengths are given in Table 2.1 and some common 

covalent bond enthalpies are given in Table 2.2.

TABLE 2.1 Bond types and their energies.

Bond Type Bond Energy (kJ/mol)

Stronger Primary Bonds Ionic Bond 16 to 600
Covalent Bond 150 to 900
Metallic Bond 140 to 500

W eaker Secondary Bonds Hydrogen Bond 10 to 40
van der Waals 0.02 to 40
Dipole-dipole 0  to 2 0

TABLE 2.2 Some covalent bonds and their energies.

Bond Type Average bond enthalpy (kJ/mol)
C -H + 413
C -C + 347
0 = 0 + 498
c=o + 805
H - 0 + 464
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It is possible that the hydrogen atom involved in a hydrogen bond may spend 

more time near the other water molecule and actually transfer to become part of that 

molecule. This results in two ions, the hydroxide ion, OH', and the hydronium ion, 

H 3 0 +. This actually occurs frequently, though the ion concentration at any given 

instant in pure water is small, only 10"7  moles/L. The tendency for a water molecule 

to accept another hydrogen atom, or more correctly, another proton, is given by its 

proton affinity of 690 kJ/mol (165.2 kcal/mol or 7 eV). Proton affinities of some 

common gaseous molecules are given in Table 2.3.

TABLE 2.3: Proton affinities for various molecules.[53]

Molecule Proton Affinity 
kcal/mol

h 2 100.9
n 2 118.0
CO 141.7

h 2o 165.2
CH 3 0 H 180.3
C 2 H5 0 H 185.6

n h 3 204.1

NIST Standard Reference Database Number 69 -  August 1997 Release

2.5 Water -  Surface Interactions

The water-metal and water-oxide surface interaction is important in many 

scientific and technological areas, especially in vacuum science, but is not well 

understood. W ater can adsorb intact on the surface of inert transition metal surfaces 

with high coordination number, forming a buckled hexagonal ice bi-layer,[54] and
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will desorb mostly intact from metals like Ru, Rh and Pt.[55] However, calculations 

show that partial dissociation should occur on the surface of Ru (0001), forming an 

overlayer of OH and H20.[56]

How water molecules bind to uncharged metal surfaces depends on the nature 

of the metal and on co-adsorbed species. On a platinum Pt(111) surface half of the 

water molecules bond by way of the oxygen atom to form P t—OH 2  links.[57] The 

other half form Pt -H-OH bonds as P t—H bonds form and H-O bonds weaken. Other 

metal surfaces may prefer a particular water orientation or cause partial dissociation 

of the protons dependent on their proton affinity. [57] It has also been proposed that 

when O is adsorbed with H 2 O on Pt (111) a mixed OH/H 2 O over-layer forms which 

then orders to become a stable (3 x 3)- 3(OH + H2 O) phase.[54]

W hen metal surfaces are biased, even with low voltages, the orientation of the 

water molecules and the positioning of ions can be significantly affected.[58] A 

negative potential of will orient water hydrogen atoms towards the electrode whereas 

a positive potential reverses the configuration. This orienting can cause some 

hydrogen bond breakage and a local increase in water density.

Since ions are attracted or repelled depending on their charge, similar 

orientations may occur at the surface of non-metals with alternating positive and 

negative charges. A solid (static and non-exchangeable) water layer has been reported 

to form at the surface of metal oxides that are highly polar (e.g. TiCh) and modeling 

reveals that, through a process called ice tessellation, a single monolayer of ice may 

form on the surface of hydrophilic fully hydroxylated silica. This may explain why 

layers of structured water are found at the surfaces of complex silicates.[59]
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On well ordered Cr2 0 3  (0001) surfaces, water adsorbs almost entirely as a 

molecule at lower temperatures with dissociation taking place near oxygen defect 

positions.[60] In the case of stainless steel, the surface is polycrystalline and full of 

defects. The passive chromium oxide film on the surface of stainless steel may be 

more accurately thought of as a chromium enriched oxide in a hydrated gel structure. 

The overall CrOx film is around 2 to 4 nm thick. [61]

2.6 Generation of Moisture in Vacuum

In spite of the passive nature of stainless steel, there is evidence that the 

surface is not necessarily inert. Research has shown that water can be formed when 

the steel is exposed to a hydrogen atmosphere. [62] The amount of water formation 

depends linearly on the amount of hydrogen present and the temperature of the 

surface. If the surface is heated to 900 °C in an oxygen atmosphere, its ability to 

produce water is reduced. Apparently, the source of oxygen is surface oxides, carbon 

oxides or oxygen diffusing from the bulk. In the case of surface oxides, G 2 O 3 is so 

stable that it is seen as a less likely candidate for the source of water than iron oxides 

or nickel oxides. The enthalpy of reaction at 400 °C for reduction o f NiO to Ni is - 8

kJ/mol-H 2 0 , compared to 34 kJ/mol-H 2 0  for Fe3 0 4  to Fe and 102 kJ/mol-H 2 0  for

Cr2 C>3 to Cr.[63] Thus, other constituents of stainless steel could contribute to 

moisture formation. Since heating brings more chromium to the surface of stainless 

steel, the evidence of reduced water formation supports this hypothesis.[62]
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Other metal surfaces may have the capability of generating water from 

constituent elements as well. Co-adsorption of hydrogen with oxygen on palladium 

can have various structures depending on the surface temperature because structural 

changes occur as hydrogen diffuses in and out of the bulk. Above 220 K oxygen is 

lost from  the Pd surface due to formation of OH and subsequently H 2 O as hydrogen 

segregates from the bulk. [64]

2.7 Hydroxides on Chromium and Stainless Steel

It is generally accepted that the passive film that forms on the surface of 

austenitic stainless steels consists of an inner and outer layer, as shown in Figure 2.4. 

The outer hydroxylated layer (~ 15 A) is mostly chromium hydroxide containing 

some iron hydroxide, while the inner oxide layer (20 -  40 A) is chromium oxide with 

some iron oxide, chromium and iron. XPS and TOF-SIMS data support this 

conclusion, with TOF-SIMS unambiguously showing the presence of positive and 

negative ions of CrOH and FeOH.[18,65] A sub-layer is found below these layers 

containing chromium, iron and nickel oxides with chromium, iron and nickel metal. 

Alloys with higher chromium content seem to have a thinner chromium oxide layer, 

but are more corrosion resistant. This is possibly because oxygen reacts with the 

chromium mostly on the surface leading to a dense film that retards inward diffusion 

of oxygen. [65]
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Figure 2.4 A general schematic of the stainless steel surface.

Exposure of Cr2 0 3  to water vapor has been shown to result in hydroxylation 

of the surface due to water dissociation. [6 6 ] X-ray photoelectron spectroscopy (XPS) 

shows a higher binding energy shoulder near 531.4 eV on the O Is peak at 530.7 to 

530.9 eV. The Cr 2 p 3 /2  region shows three features corresponding to chromium (B.E. 

= 574.4 eV), chromium anhydrous oxide (B.E. = 576.5 to 576.7 eV) and chromium 

hydroxide (B.E. = 577.2 to 577.4 eV).[6 6 ] Data from stainless steel often show the O 

Is peak closer to 530.0 eV.[18,65] Scanning tunneling microscopy (STM) data show
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that the hydroxylation reaction is not specific to defect sites, however it does lead to a 

disordered and corrugated surface, suggesting OH induced surface diffusion and 

rearrangement. Low energy electron diffraction (LEED) data show that the bulk oxide 

lattice is not modified. [6 6 ]

W ater can adsorb on Cr2 0 3  in the molecular state and in dissociative stages. 

The molecular state desorbs at 295 K and the dissociated state desorbs at 345 K.[67] 

High resolution electron energy loss spectroscopy (HREELS) reveals an isolated 

terminal O-H bond and a bridging O-H bond involved in an unusually strong 

hydrogen bond with the other oxygen. The Cr3+ cation involved with the terminal O- 

H group can also bind another non-dissociated molecule of water. [67]

The abundance of hydroxides on the surface of stainless steel makes 

hydronium a more likely source of mass 19 than fluorine. Several sources have shown 

that the XPS signals from oxides and hydroxides can be deconvoluted and that the 

effects of various processes, such as heating and hydration, can change these 

signals.[18,65-69]

2.8 Hydronium

As is indicated by the “unusually strong” hydrogen bond in the section above, 

it stands to reason that the surfaces of metals and metal oxides are a matrix for the 

formation of hydronium. HREELS (High Resolution Electron Energy Loss 

Spectroscopy) and ATR-FTIR (Attenuated Total Reflection Fourier Transform
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Infrared Spectroscopy) have indicated the existence of hydronium ions on the surface 

of single crystal platinum, silicon and germanium. [70,71]

In the case of platinum surfaces, it is suggested that a lone hydronium ion 

does not form, but larger clusters instead, such as Hv0 3 +. The enthalpies of reaction 

favor the larger clusters. H(ad) + H 2 0 (ad) —► H 3 0 +(ad) + e"(ad) has an enthalpy of 

130.5 kJ/mol (31.2 kcal/mol), whereas H(ad) + 3 H2 0 (ad) —> HvC>3 +(ad) + e'(ad) has 

an enthalpy of 33.6 kJ/mol (8.04 kcal/mol). For it is -4.4 kJ/mol (-1.06 

kcal/mol).[72]

From the research presented in this chapter, we see that the surfaces of 

materials, stainless steel and in particular, can be quite chemically active. The 

interaction of water and hydrogen with surface oxides to form hydroxides and 

hydronium is very pertinent. We have learned about electron stimulated desorption 

and we can surmise that ESD of hydronium from stainless steel, even when no water 

is introduced into the vacuum system, is certainly plausible. Next we experimentally 

determine the nature of the mass 19 peak in spectrometers and explore the effects of 

electron bombardment on stainless steel and chromium oxide.
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CHAPTER III 

EXPERIMENTAL

In the previous chapter, we learned about how atoms and molecules can 

adsorb and desorb from surfaces, particularly through electron stimulated desorption 

(ESD). W e understand that this process can lead to anomalous peaks in mass spectra. 

Additionally, hydronium was seen to form on surfaces. Now we explore the behavior 

of mass 19 in mass spectrometers and how this behavior may correlate to hydronium.

3.1 Fourier Transform Mass Spectrometry

An ion cyclotron resonance (ICR) Fourier transform mass spectrometer 

(FTMS) was used to resolve the contributors to the signal in mass spectra at 19 amu, 

in order to show that hydronium is a possible source. The resolution of the instrument 

was demonstrated, showing the actual composition of several peaks containing 

species close in mass number. Fluorine and hydronium were resolved and the effects 

of water concentration on hydronium formation were explored.[3]
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3.1.1 Theory and Operation

AmplificationDetect Plates

Electron
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FIGURE 3.1 A schematic of an Ion Cyclotron Resonance Fourier Transform 
Mass Spectrometer.

An FTMS instrument normally requires a great deal of electronic circuitry and 

control software for operation. A simplified schematic of the instrument is shown in 

Figure 3.1. Electrons emitted from a hot filament cathode are pulsed through a 

cylindrical or cubic ion trap. The current is normally varied between luA  at lower 

pressures (< 10' 8 Torr) and 100 nA at higher pressures (> 10' 7  Torr) to achieve proper 

signal strength but avoid space-charge effects. Ions are formed by electron impact 

ionization within the trap. A highly uniform, axially parallel magnetic field (typically 

> 1 Tesla) keeps both the electron beam  and resulting ions confined to the axis of the 

cell. The ends of the cell are biased to trap the ions when the beam is off. A small
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amplitude (1 to 2 V) radio frequency chirp (a few kHz to a few MHz and pulse width 

of a few msec) is then applied to the sides of the cell perpendicular to the beam axis. 

This causes all the ions to go into circular motion around the magnetic field lines.[3] 

The rotation frequency (cyclotron frequency) depends on the mass of the ion. After 

the excitation, the motion of the ions induces an image current in the sides of the cell 

that fluctuates at the ion cyclotron frequencies generated. The cyclotron frequency is 

given by

qB
fc = ^ —  (3-D27tm

where q is the ion charge, B is the magnetic field strength and m is the ion mass. At 

thermal velocities, these orbits are small (typically, 1 0 0  pm), but the chirp applied to 

the sides of the cell imparts equal energy at all frequencies of interest. This excites the 

ions to resonance and increases the orbital diameter to near cell size, where they 

create image charges in the detection plates. The various frequencies are detected 

simultaneously and are differentiated by Fourier transformation of the time domain 

signal. Ions in a particular mass range can be ejected by applying a large amplitude 

preliminary frequency chirp over the corresponding frequencies. This causes them to 

attain an orbit in which they collide with the cell walls and are neutralized. Ions of 

interest remain in the cell for analysis. The frequency spectmm is easily converted to 

a mass spectmm by calibration using the ion cyclotron frequency equation (equation 

3.1).[73] Since the mass is inversely proportional to the frequency, the signals get
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closer together and the resolving power decreases as the mass increases.[74]

Resolving power is given by the equation

m (0.132)qBT
—  = ---------—  (3.2)
Am m

where m is the mass, Am is the full width at half maximum of the spectral peak, 

q is elementary charge, B is the magnetic field strength and T is the acquisition time.

3.2 Quadrupole Mass Spectrometry

Quadrupole mass spectrometry (QMS) has become the most widely used 

residual gas analysis method in vacuum science and technology. The reasons for the 

popularity of QMS instruments are rapid mass scanning capability, relatively low 

cost, compact size, lack of a magnet and linear mass scale. This popularity and the 

prevalent mass 19 signal that is seen using a QMS prompted its use here. By varying 

the QMS instrument parameters and operating conditions we can learn more about 

mass 19.

3.2.1 T heoryofoperation

In a QMS, ions are usually formed in a hot filament ion source. Electrons 

from a filament are accelerated toward a cylindrical grid structure. Before they collide 

with the grid, they make several passes (typically 5 times) in and out of the grid
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region where they collide with and ionize gas molecules. The potential between the 

filament and grid is typically 70 eV because the probability of ionization for most 

gases is a maximum between 50 and 200 eV.

Reflector

Grid

Focus plate

f  y  /  v 7 * V \
Filament

M ass filter \  
rods

CDEM

Anode

FIGURE 3.2 A schematic representation of a quadrupole mass spectrometer. Ions 
are formed within the grid of the ionizer, pass through the mass filter rods and strike 
the continuous dynode electron multiplier (CDEM).
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Ions are injected into the quadrupole field formed by four finely machined 

parallel rods, as shown in Figure 3.2. These rods were originally proposed to be 

hyperbolic,[75] but circular rods of radius 1.16r0 (where r0  is the radius of the circle 

inscribed by the four rods) work well and are easier to manufacture. [4]*

The rods are energized with a potential given by

2 2

O = (U - V0 coscot)( ) (3.3)
ro

where U is the DC voltage, V0  is the RF voltage, co is the RF frequency and x and y 

are the coordinates perpendicular to the axis of the rod assembly. The ion motion is 

given by the M athieu equations

m d2x e(U - Vn coscot)x
 + —------- 2--------- — = 0 (3 4)

d t 2 r 2 (3A)

md y e(U - Vn cos cot)y
 -  + —------- 2--------- — = 0 (3 5)

d t2 r 2 1 '

m d‘z

I F ' 0  < 3 ' 6 )

* Ellefson, p. 458
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where m  is the mass of the ion, e is the charge of the particle and z is the axial 

position.

Mass separation is accomplished as molecules travel along the changing 

DC/RF field. Low m/e ions can move almost in phase with the RF voltage and are 

accelerated to large x and y values until they collide with the rods. High m/z ions are 

attracted to the negative rods by the DC field where they are neutralized. Between the 

mass extremes a range o f ions can oscillate and drift through the rods without 

colliding with them and are subsequently detected.

Mass detection is accomplished by measuring the ion current exiting the 

quadrupole filter using a Faraday cup or an electron multiplier. The Faraday cup is 

useful when stable signals are required and there is sufficient pressure to generate a 

detectable ion current using only electronic amplification. The cup retains secondary 

electrons which would subtract from the detected ion current if lost. Generally, 1 x 

10“ 13 A is the practical detectable limit, corresponding to about 1 x 10"9  Torr.

To measure partial pressures below 10' 9  Torr, an electron multiplier must be 

used. There are three main types: discrete dynode, continuous dynode and 

microchannel plate. In each case, an incoming ion strikes the surface at the front of 

the multiplier, which has a high secondary electron emission yield, and creates 

several secondary electrons. These electrons are accelerated to another surface where 

they each create several more electrons. This cascade continues until a pulse of 

millions of electrons is detected at the opposite end of the multiplier.

The discrete dynode multiplier has many individual plates that are biased at 

greater and greater voltage. The continuous dynode multiplier is a long, curved PbO
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or Bi2 C>3 tube with a voltage gradient along its length. The microchannel plate 

multiplier uses many short tubes in parallel.

While usually straightforward, interpretation of QMS spectra can be more 

subtle than first thought. In addition to ionizing molecules present in the background 

vacuum, the electron energy in the ionizer is sufficient to dissociate molecules and 

doubly ionize atoms and molecules. For instance, CO 2  yields a mass signal at 44 amu 

(C 0 2+), 28 amu (CO+), 16 amu ( 0 +), 12 amu (C+) and 21 amu (C 0 2 ++). Signals that 

result from ESD ions can further complicate analysis by adding to the expected mass 

ratios of gases. Resolution and sensitivity can be adjusted by varying the ratio 

between the voltages U and Vo, but only with a trade-off -  as resolution increases, 

sensitivity decreases and vice versa.

3.3 FTMS/QMS Experimental Approach

3.3.1 FTMS Experiments

Since several mass peaks are often assumed to be a particular atom or 

molecule, it was interesting to determine the actual composition of the signal at those 

mass peaks. For instance, mass 15 is normally assumed to be CH 3 , a fragment of 

methane. In order to verify the resolution of the FTMS system, spectra of selected 

gases with similar mass were obtained, including CO+ with N 2 + and C>2 + with S+. The 

N 2 + and 0 2 + were generated from admission of air, the CO+ was generated as a 

fragment of CO 2 and the S+ was obtained from SF6.[3]
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The resolution of H 3 0 + and F+ at mass 19 was explored in particular. H 3 0 + 

was formed from residual water in the FTMS system and F+ was obtained as a 

fragment from CF4 . Signal strength dependency on partial pressure was noted.[3] 

Additionally, parametric studies of signal versus partial pressure of water vapor were 

conducted. The system was baked to 120 °C for 12h to reduce the pressure, but 

allowed enough gas phase water to remain for comparison experiments. Fleating the 

vacuum envelope increased the partial pressure of water vapor and this gas phase 

water was used as the source of H 3 0 + and OH+.[3]

The typical system pressure was between 1 x 10' 8  and 5 x 10 ' 6  Torr, 

depending on the gas used as a source for the ions of interest. Initially, all ions were 

purged from the cell by biasing the endplates negatively. This was followed by the 

ionization period (typically 20 ms) at an emission current of approximately 100 nA. 

The ions were then trapped in the cell by biasing the endplates at approximately 1.2 

V. A frequency chirp was then applied followed by the resonance detection period of 

approximately 5 ms. These steps were repeated 100 times to improve signal to noise 

ratio.

3.3.2 FTMS/QMS Experiments

By placing the FTMS near the QMS, the spectra from each instrument could 

be compared and the contribution at mass 19 was correlated. Then the nature of the 

mass 19 peak in the QMS was explored by noting its behavior with respect to the 

partial pressure of water vapor and to the emission current in the ion source. The
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partial pressure of water vapor was increased by slowly heating the system. The 

signal strengths of mass 18 and mass 19 were recorded as the temperature was 

increased. The emission current of the QMS ionizer was increased from 0.01 to 2.5 

mA under constant pressure and, again, the mass 18 and 19 signals were recorded.

If the generation of hydronium is due to ESD the signal at mass 19 should 

depend on hydrogen coverage at the surface of the ionizer grid. Therefore, the grid 

was dosed with hydrogen for various amounts of time with the filament on at low 

emission or completely off. The source of hydrogen was both the background gas at 

UHV and bottled hydrogen admitted to the system through a leak valve. The filament 

was then turned back on in the QMS and signals from masses 17, 18 and 19 amu were 

recorded as time elapsed. This allowed any correlation between these masses and 

hydrogen dosing to be seen and also allowed the ESD cross-section to be determined.

3.3.3 System description

Mass spectrometer experiments utilized an SRS 200 QMS with channeltron 

electron multiplier and a custom-built FTMS. They were performed in a stainless 

steel ultrahigh vacuum system pumped by a 180 L/s (N2 ) turbo pump, a 560 L/s (N2 ) 

ion pump and a titanium sublimation pump to a base pressure of 3.8 xlO ' 1 0  Torr. A 

Granville Phillips 307 Bayard-Alpert ionization gauge, calibrated with a MKS 

spinning rotor gauge, was used to indicate total pressure. The QMS was mounted in 

close proximity to the FTMS via a 2% inch CF tee. The QMS ion source was operated 

at an emission current of 1 mA, electron energy of 70 eV.
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The small and lower resolution FTMS instrument used in the present work 

was suited for high and ultrahigh vacuum applications. The pulsed electron current

o

was luA  at lower pressures (< 10" Torr) and was normally reduced to 100 nA at

n
higher pressures (> 10' Torr) to avoid space-charge effects. A cylindrical ion trap 

about 1 cm long and 1 cm in diameter was utilized. An axially parallel magnetic field 

of approximately 0.45 T from a NdFeB permanent magnet (AB/B ~ 0.0001) kept both 

the electron beam and resulting ions confined to the axis of the cell. This field permits 

resolution of masses < 0.01 amu apart corresponding to a resolving power of m/Am > 

2500. At 19 amu, the minimum resolvable Am is 0.001 while at 32 amu, the 

minimum resolvable Am is 0.003 am u.[3] The ends of the cell were biased at 1.2 V to 

trap the ions and a 1 to 1.5 V amplitude radio frequency chirp (a few kHz to a few 

MHz and pulse width of 3 ms) was applied causing all the ions from 1 amu to 190 

amu to go into circular motion (rion < 0.5 cm) around the magnetic field lines.[3]

3.4 TOF SIMS

To compliment the previous mass spectrometer experiments, surface analysis 

was also performed. In order to ascertain the presence and concentration of fluorine 

and hydronium precursors in stainless steel, a section taken from the stainless steel 

grid of a QMS ion source was analyzed in a time of flight - secondary ion mass 

spectrometer (TOF SIMS). The Physical Electronics TRIFT II instrument uses 

gallium ions (Ga+) to impact the surface with energy o f 15 keV and is capable of 

resolving 0.001 amu. Both positive and negative ions from the unsputtered and
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sputtered surface of an SRS Model 200 QMS grid were examined. The static TOF 

SIMS analysis was done at a pressure of 3 x 10" 1 0 Torr and the dose was at the static

19 9limit (minimal damage to surface during scanning) of 10 ions/cm . The reader is 

referred to Brundle[76] for a more detailed description of TOF SIMS.

3.5 XPS

Using x-ray photoelectron spectroscopy (XPS), the formation of hydronium 

on the surface of stainless steel can be explored. Several sources[ 18,65-69] have 

shown that the signals from oxides and hydroxides can be resolved and that the 

effects of various processes, such as heating and hydration, change these signals.

3.5.1 Theory

XPS is an important non-destructive surface science tool that analyzes 

electrons emitted from a material after bombardment with x-rays. It is also known as 

electron spectroscopy for chemical analysis (ESCA) since it can determine the 

elemental composition of a surface and to gain information about the chemical state 

of those elements. The typical depth of analysis is 2 to 5 nm, depending on the 

material, and can detect down to 0 . 1 % atomic fraction of a particular element. 

Hydrogen cannot be detected.

X-ray photoelectron spectra are generated by an incident x-ray striking an 

atom, A, and producing an electron, e ,  according to the relation
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hv + A (3-7)

where hv is the x-ray photon energy and A +* is the ionized atom in an excited state. 

The electron is emitted with kinetic energy given by

Eke — hv E^ (j)spec (3.8)

where Eb is the binding energy of the electron in the atom and <|>Spec is the work 

function of the spectrometer. By calculating the binding energy from the measured 

kinetic energy, the element that the electron originated from is determined. The actual 

electron kinetic energy is influenced by several other factors. As the electron leaves 

the atom, the other electrons in the atom and in surrounding atoms relax, giving a 

small upward shift in the kinetic energy. Also, the environment of an atom and how it 

is bound in a solid causes a chemical shift in the energy.

The variance of the binding energy with the chemical environment (valence, 

electronegativity) of the atom is useful in determining chemical bonding and structure 

near the surface of materials. In situations where the electron density near an atom is 

low, the electrons are held more tightly because the nucleus is less screened, giving a 

shift in the XPS peak toward higher binding energy. A shift toward lower binding 

energy is observed for atoms with a higher electron density.

In XPS, x-rays are generated by electrons striking a metal anode (usually A1 

or Mg). In some systems, the x-rays strike a bent crystal monochromator which
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focuses the radiation on the sample, eliminates unwanted wavelengths (peaks other 

than the M g or A1 (Ka) line) and narrows the energy spread. Photoelectrons from the 

sample pass though a retarding lens where they are focused on the spectrometer 

entrance slit at a lower energy. The electrons pass through the hemispherical energy 

analyzer and are focused on a detector that collects the electrons over a range of 

energies. A schematic of an XPS system is shown in Figure 3.3.

Because the XPS signal is source limited, having more scans improves the 

signal to noise ratio. Each scan adds to the total number of counts collected and the 

signal to noise ratio improves as the square root of the number of scans. A typical 

XPS spectrum of stainless steel is shown in Figure 3.4.

H em ispherical
A nalyzer

B ent Crystal 
M onochron

R etarding
Lens

Position
Sensitive
D etector

S am p le

X-ray a n o d e  (Al)

X-rays

FIGURE 3.3 A simple schematic of an XPS system.
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The peaks in XPS spectra are not perfect lines, but are broadened. This 

broadening is due to the width of the x-ray line itself and detector resolution. The x- 

rays penetrate the material further than the depth from which electrons can depart and 

the probability of an electron escaping drops off exponentially with increasing depth. 

Those electrons that escape after collisions in the material do so with reduced kinetic 

energy causing a broad background on the higher binding energy side of the peak. 

Escaping electrons can also interact with other electrons as they leave the sample, 

yielding secondary peaks.

As electrons escape an insulating material, the surface potential becomes more 

positive because of the loss of negative charge. This leads to a shift toward higher 

binding energy over the entire spectrum that is equal to the surface potential. To 

compensate for surface charging, a low energy flux of electrons can be provided by 

an electron flood gun to replace those lost by photoemission. In the case of 

conducting materials, the charge is replaced through the ground connection. Stainless 

steel has an insulating oxide on its surface; however, it is so thin that charging is not a 

problem.

By adjusting the angle between the surface normal and the electron escape 

path, depth analysis can be performed. The intensity will vary as e‘z/>xos0, where z is 

the depth, X is the mean free path for inelastic electron scattering and 0  is the angle 

from the sample surface normal. A large value of 0  gives more information about the 

top surface while a small value includes more information about the subsurface.

In order to quantitatively analyze a material, the relationship between peak 

intensity and the number of atoms o f a particular type must be used, as well as the

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



57

photoemission cross section for the particular elements. The peak intensity is given 

by

1= I , n , £ l « n  (3.9)

where Ix is the x-ray flux, n* is the number of atoms of a particular type in the sample 

volume, da/dQ is the differential cross section of the electronic level in that element, 

P is the probability of escape, s is the efficiency of the detector and dQ is the 

acceptance angle of the analyzer.
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<
>
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FIGURE 3.4 An XPS survey spectmm of stainless steel.
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3.5.2 System description

Data were taken with two separate XPS systems, both having a base pressure 

< 1 x 10 ' 9  Torr and capability for hydrogen dosing. The XPS system at W illiam and 

Mary was used to determine the feasibility of examining surface hydroxides and 

verified the effects of hydrogen dosing. The second system used was the XPS system 

located at Stanford University, which facilitated sample heating and was equipped 

with an electron flood gun for electron stimulated desorption experiments. These 

systems are calibrated using elemental samples (such as gold) and aligning measured 

peak energies with those known for that element.

The XPS system at W&M was a VG system with an 80 L/s ion pumped 

analysis chamber. The preparation chamber was pumped using a 100 L/s diffusion 

pump. A heater assembly with a spring loaded thermocouple was attached to the 

preparation chamber in order to heat the sample from room temperature to 400 °C. It 

utilized an Mg anode x-ray source (1253 eV) and electron energies were resolved 

using a hemispherical energy analyzer, which, at a pass energy of 20 eV, had a 

resolution of 0.2 eV.

In order to better discern the effects of heating, electron bombardment and 

hydrogen dosing on the chromium oxide surface, the XPS system located at Stanford 

was used. A stage was available to heat the sample to over 500 °C in the analysis 

chamber. Additionally, the system was equipped with an electron gun capable of 

providing 0.3 mA with the sample biased at 70 eV. For analysis, 1486 eV x-rays from 

an aluminum anode were used, focused by a bent crystal monochromator onto the
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sample at a 35° angle. Photo-electrons had a take-off angle o f 35° and their energies 

were resolved using a hemispherical energy analyzer having a resolution of 0.5 eV at 

a pass energy of 50 eV.

3.6 XPS Experimental Approach

Coupons of 316L stainless steel (AMS 5507E/ASTM A240/A240M-99A) 

approx. 10 mm x 10 mm x 0.05 mm and pure (99.99%) polycrystalline chromium 

approx. 10 mm x 10 mm x 0.5 mm were polished with 3 micron aluminum oxide 

powder. After a de-ionized water rinse, they were cleaned with acetone in an 

ultrasonic cleaner. Finally, they were rinsed with a stream of methanol for 1 minute 

and allowed to dry. Additional samples of unpolished stainless steel were prepared 

similarly to provide comparative data.

A set of 5 survey scans with a step size of 1 eV were performed followed by 

20 scans for Cr 2 p 3/2 , O l s  peaks and F I s  peaks. Having more scans gives a better 

signal to noise ratio. In order to cover the entire peak area, the binding energy 

window used for Cr 2 p 3 /2  was 565 to 585 eV, for O Is was 525 to 545 eV and for F Is 

was 676 to 696 eV. The step size for the three high-resolution scans was 0.1 eV with 

a dwell time of 100 ms (the dwell time on the W&M system was 500 ms). For the Cr 

2 p 3 /2  peak, the spot size was 800 x 250 pm  and the pass energy was 100 eV, exposing 

the detector to an energy range of 14 eV. For the O Is peak, the spot size was 300 pm  

and the pass energy was 50 eV, giving a detector energy range of 7 eV. For the F Is 

peak, the spot size was 1000 x 300 pm  and the pass energy was 150 eV, giving a
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detector energy range of 20 eV. The larger pass energy and spot size was used in 

order to get sufficient signal from the small amounts of fluorine present in the 

samples.

3.6.1 Heating and Hydrogen Dosing

XPS data were taken on the samples of 316L stainless steel and chromium as 

received, after heating the samples to over 400 °C for three hours and after different 

amounts of hydrogen dosing. The dosing was accomplished by cumulative exposure: 

first exposure to the background vacuum overnight, then by backfilling with

n
hydrogen to 1 x 10' Torr for three hours, exposure to the background vacuum 

overnight again and then after backfilling for three more hours.

A second 316L stainless steel sample was heated, increasing the temperature 

by 100 °C every half hour, from room temperature up to 500 °C. XPS surveys and 

scans of the Cr 2 p3 /2  and O l s  peaks were taken after each step. Additionally, the F Is 

peak was scanned at room temperature and 500 °C. The sample was allowed to cool 

in vacuum and then exposed to atmosphere for 8  hours. XPS data were taken after 

each of these time periods.

3.6.2 Electron bombardment

Experiments were also conducted to determine the effects of electron 

bombardment of stainless steel and chromium. XPS data were taken on stainless steel
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before electron bombardment, after 5 hours of bombardment, and also after 8  hours of 

bombardm ent with 0.3 mA of 70 eV electrons. The same was done for chromium 

except that electron bombardment was only done for 5 hours due to time constraints.
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CHAPTER IV 

FTMS RESULTS AND DISCUSSION*

Ion cyclotron resonance (ICR) Fourier transform mass spectrometry (FTMS) 

was selected as one method to determine the identity of the mass 19 peak because of 

its very high resolution. Also, the gas phase formation of hydronium can be studied 

using an FTMS spectrometer, since ionization times and reaction times can be 

adjusted by modifying control software. FTMS was used to resolve the contributors 

to the signal at mass 19 amu, in order to show that hydronium is a possible source. 

The resolution of the instrument was demonstrated, fluorine and hydronium were 

resolved and the effects of water concentration on hydronium formation were 

explored.

In order to verify the resolution of the FTMS system, spectra of selected gases 

with similar mass were obtained using the sequence described in section 3.3.1. First, 

in Figure 4.1, the signal seen at mass 15 is not only due to CH 3 + to which it is usually 

attributed, but it is also due to NH+ from the residual gas background. Figures 4.2(a)- 

(c) show resolution of CO+ and N 2 + (Am = 0.011 amu), 0 2 + and S+ (Am = 0.018 amu) 

and H 3 0 + and F+ (Am = 0.020 amu). The peaks were all verified by increasing the

Q
partial pressure of the source gases from a system ultimate pressure of 2 x 10' Torr. 

The H 3 0 +, N2 + and C>2 + were generated from admission of air, the CO+ was generated

* Significant portions o f this chapter taken from Cole et al., JVST A 21 (5), Sep/Oct 2003
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as a fragment of CO2 and S+ was obtained from SFC, and F+ from CF4 . As shown in 

Figure 4.2(d), a preliminary frequency chirp (see section 3.1.1) that ejects all ions 

except those at or near mass 19 minimizes space charge effects, increases dynamic 

range and greatly improves the signal to noise ratio (compare Figures 4.2c and 

4.2d).[3]

In order to ascertain the makeup of mass 19, admission of a fluorine bearing 

gas was required, since no fluorine was detectable in the residual gas o f the vacuum 

system. Admission of SF6  into the system to a pressure of 5.6 x 10' 6  Torr showed no 

increase at 19 amu. Consistent with past fragmentation patterns,[77] however, 

admission of CF4  did give a small F+ signal, but only 0.4% the height o f the major 

CF 3 peak. To create a greater number of fluorine ions, the partial pressure of CF4  was 

increased to 2.1 x 10~6  Torr and the electron current was increased to 120 nA. Figures 

4.3(a)-(c) show an increase in the height o f the F+ peak relative to the H 3 0 + peak as 

the partial pressure of CF4  is increased.[3]

CO4-*
c
3

COk.
Idk. NH‘
co
a>occa■oc
3n<

14.960 14.980 15.000 15.020
m/z

15.040 15.060 15.080

FIGURE 4.1 A high resolution FTMS spectrum near 15 amu shows contributions 
from NH+ as well as CH 3 +.[3]
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CO
AM = 0.013 
(0 .011 )

27.940 27.960 27.980 28.000 28.020 28.040 28.060 28.080
m /z

.5 x 10 7 Torr

31.850 31.900 31.950 32.000 32.050 32.100

m/z

2 .1 x  10 Torr

AM = 0.019  
(0 .020)

19.000 19.050 19.10018.900 18.950

m/z

2 .1 x 10 Torr

19.000
m /z

19.05018.900 18.950

FIGURE 4.2 Using FTMS, high resolution mass spectra showing the separation 
between (a) N2 +/CO+, (b) 0 2 +/S+ and (c) F+/H 3 0 + is possible. The numbers in 
parentheses are the theoretical mass differences between the most abundant 
isotopes. Figure 4.2(d) shows the resolution of F+/H 3 0 + with better signal to noise 
ratio obtained by ejecting all ions except those at or near 19 amu.[3]
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FIGURE 4.3 High resolution mass spectra of F+ and H 3 0 + were obtained as the 
partial pressure of CF4  was increased. At total pressures of (a) 2.1 x 10"6, (b) 2.7 x 
10 6  and (c) 3.5 x 10"6  Torr, respectively, the spectra show that the ratio of fluorine 
to hydronium increases in relation to the partial pressure of CF4 .[3 ]
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To further characterize mass 19, parametric studies of signal versus water 

partial pressure were conducted. The system was baked to 120 °C for 12h to reduce 

the pressure, but allow enough gas phase water to remain for comparison 

experiments. By heating the vacuum envelope slightly and gradually, the partial

n

pressure of water was increased. As seen in Figure 4.4, at pressures near 1 x 10'

Torr, the ratio [H3 0 +]/[H2 0 +] linearly increases as a function o f the H 2 O partial

n

pressure from zero up to -0 .25 at 8  x 10' Torr. This is what one would anticipate if 

H 3 0 + is produced from gas phase reaction involving water vapor. The amount of OH+ 

stays constant initially, but begins to decrease as the partial pressure of water 

increases beyond 5 x 10' 7  Torr (shown later in Figure 5.4b). This decrease is most 

likely due to space charge suppression of the signal since the hydronium signal starts 

to become non-linear as well.[3]

0.05 -

Pressure ( x 10 Torr)

FIGURE 4.4 The ratio of H 3 0 + to H 2 0 + as observed in the FTMS spectrum is 
presented as a function of the partial pressure o f H 2 O in the vacuum system.[3]
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Generation of hydronium can occur through the exothermic reaction of 

Equation (1.1) as stated again here

H 2 0 + + H20  —*■ H 3 0 + + OH (1.1)

This reaction has been rather well studied. [78-82] The experimental observations can 

be summarized as follows: (a) The thermal rate constant, k, for this reaction has been 

measured by several groups and found to be in the range k =1.7 - 2.5 x 10"9  

cmVsec.[78-80] (b) Rate constant measurements at collision energies of a few eV 

show that k  remains constant or increases slightly from its thermal value.[80,81] (c) 

Detailed studies of the kinematics of Equation (1.1), for collision energies of a few 

eV, reveal that the reaction proceeds via H atom transfer, proton transfer, and 

intermediate complex formation in roughly equal proportions.[82]

It is helpful to consider an example relevant to the operating conditions of the 

present FTMS cell: at a H20  partial pressure of 2.4 x 10"7 Torr, the ratio R = 

[H3 0 +]/[H 2 0 +] was found to be 0.044. The generation of H 3 <D+ is governed by

d[H 3 0 +]
d3t -  = k[H 20  + ][H 2 0 ]  (4.1)

and the ionization rate,

[H2 0 +] = a  [H2 0 ] t (4.2)
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For small values of R,

[H 3 0 +] k ,
R  = -—-——- = —[H ,0 ]x  (4.3)

[H 20  ] 2 -

where x is the time available for transforming the H2 0 + formed in the initial electron 

ionization pulse into detectable H 3 0 +. If we take k = 2 x 10' 9  cm 3 /s, T = 300 K and 

[H2 O] = 8.4 x 109 /cm3, then Equation (4.3) gives R = 8.4 x, implying that a time of at 

least x = 5.2 ms is required to produce the observed value of R. In the current 

apparatus, the ionizing electron beam is “on” for 2 0  ms, allowing ample time for the 

required conversion of H 2 0 + into H 3 0 + in the gas phase. Subsequent conversion of 

H 2 0 + to H 3 0 + may also occur during the trap and resonance periods (described in 

sections 3.1.1 and 3.3.1) after the electron beam  ionizing pulse is term inated.[ll] 

From Equation (4.3), it is obvious that the ratio, R, should increase with the 

partial pressure of FFO. As was shown in Figure 4.4 there is an approximately linear 

behavior of R as a function of the partial pressure of H 2 O. It is clear that these results 

are compatible with the predictions of Equation (4.3). The offset that is seen in Figure 

4.4 is attributed to the inherent capacitance of the system electronics, which results in 

a minimum detectable number of ions and the relatively small signal-to-noise ratio. 

Pathways leading to the destruction of the H 3 0 + ions are not considered in this 

analysis and may be responsible for the slight negative curvature of R vs. pressure 

exhibited in Figure 4.4.[11]

It is important to contrast the present FTMS observations with what would be 

observed in a quadrupole mass spectrometry (QMS) instmment. The rate equation

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



69

(4.3) indicates that the hydronium concentration is proportional to both the number 

density o f H 2 0 + and the time available for formation. Although the time in the FTMS 

to perm it gas phase generation of H 3 0 + is long (ionization, trap and resonance ~ 

30ms), the ionization current is typically on the order of 100 nA pulsed. The emission 

current o f most QMS instruments is ~1 mA continuous, a factor of ~104  greater, but 

the ion extraction time and, therefore, the time for H 3 0 + formation, is only a few 

psec. Using these values at VHV (~ 1 x 10~7  Torr), H 3 0 + production is a factor of 7 x 

103 greater in the FTMS compared to the ion source of a QMS instrument, suggesting 

that production of H 3 0 + in a QMS could not account for the signal at 19 amu. 

However, the overall sensitivity of a QMS with an electron multiplier is substantially 

higher (> 1 0 0 0  times) so that detection of an H 3 0 + peak produced via the gas-phase 

ion-molecule reaction given in Equation (1.1) appears possible.

Clearly, signals from fluorine and hydronium can be resolved using an FTMS 

instrument. Hydronium production is predominately a gas-phase process in this type 

of instrument, but its formation in a QMS instrument is also possible. Since a peak is 

often detected at mass 19 in a QMS, the behavior of this “anomalous” peak is 

explored in the next chapter.
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CHAPTER V 

QMS RESULTS AND DISCUSSION*

In the preceding chapter, the presence of hydronium in a Fourier transform 

mass spectrometer (FTMS) was verified and H 3 0 + detection in a quadrupole mass 

spectrometer (QMS) was deemed plausible. Using a QMS, the characteristics of the 

mass 19 peak were explored and the effects of hydrogen dosing were noted.

The spectra of the QMS and FTMS mass spectrometers from 0 - 5 0  amu are 

compared in Figure 5.1. The setup was described in section 3.3.3. The QMS spectrum 

taken at a pressure of 4 xlO ' 1 0  Torr is shown in Figure 5.1(a) where the intensity of 

the mass 19 peak was seen to be significant, about 30% of that for mass 18. Figure 

5.1(b) shows a corresponding FTMS spectrum which indicates that the signal 

observed at mass 19 is H 3 O (19.02 amu). No fluorine or other peaks near m/e ~ 19 

were noticeable.

As shown in Figure 5.2, when the water vapor concentration in the vacuum 

system was increased (accomplished by heating), the QMS showed a roughly linear 

increase in mass 18. Simultaneously, the mass 19 signal stayed relatively constant up 

to about 9 xlO ' 1 0 Torr in pressure, implying that it was not primarily generated by a 

gas phase mechanism involving water at these pressures.

* Significant portions o f this chapter taken from Cole et al., JVST A  22 (5), Sep/Oct 2004
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FIGURE 5.1 A standard QMS mass spectrum at ~4 x 10" 1 0 Torr over 0 - 5 0  
amu (a) is illustrated along with that for a high resolution FTMS mass spectrum 
at ~1 x 10 ' 8 Torr (b). The inset in (b) shows that the signal is H 3 0 +, with a mass 
of 19.02 am u .[ll]
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FIGURE 5.2 The signal in the QMS at mass 19 is shown to remain relatively 
constant as the partial pressure of water is increased in the system. This 
indicates that the signal is not generated in the gas phase, but, rather, is a 
result of ESD. f l l ]

The notion that mass 19 is formed via electron stimulated desorption (ESD) 

was tested by varying the emission current in the QMS ionizer from 0.01 mA to 2.5 

mA at a constant pressure of 4 xlO " 1 0 Torr. Figure 5.3 shows that the height of the 

mass 19 peak varied linearly, as would be expected from the equation

Jo = a 0 N oJe (5.1)

where J0  is the ESD ion flux, a  is the ESD cross-section, 9  is the surface coverage,

N0  is the monolayer concentration and Je is the incident electron flux density. Because
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FIGURE 5.3 The linear behavior of the mass 19 signal with emission current 
supports the premise that mass 19 arises from ESD of the grid.[l 1]

the previous experiment (Figure 5.2) showed that mass 19 was not being generated in 

gas phase interactions, since it did not significantly increase with H 2 O pressure 

increase, it appears that FEO+ is most likely generated by ESD. More evidence of this 

assertion is shown in Figure 5.4(a). As expected, the ratio of mass 17 (OH+) to mass 

18 (H 2 0 +) stayed relatively constant as the partial pressure of water vapor in the 

vacuum system was increased. The ratio of mass 19/18, however, decreased. The 

most consistent explanation is that the amount of water in the gas phase increased and 

the ESD generated signal at mass 19 stayed relatively constant. As the pressure 

increased above 9 x 10" 1 0 Torr, the ratio tapered off to a steady state value. This 

steady state value may incorporate the related rates of re-adsorption of FEO onto the
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grid and desorption of H 3 0 + by ESD. At even higher pressures, the contribution to 

the mass 19 signal from gas-phase hydronium may increase. Figure 5.4(b) shows the 

mass 19/18 ratio, [H 3 0 +]/[H 2 0 +], at the higher pressure for the FTMS. The ratio 

increased linearly as a function of the H20  partial pressure from zero up to about 0.25 

at 8  x 10' 7  Torr. This is anticipated if H 3 0 + is produced from a gas phase reaction 

involving water vapor. This increase in hydronium production could also occur in the 

QMS as discussed in Chapter IV.

Assuming that hydronium generation in UHV occurs predominately via ESD, 

the signal at mass 19 should increase as hydrogen accumulates on the surface of the 

ionizer grid. After the ionizer grid was degassed, the system was dosed with hydrogen

Q
at 1.0 x 10' Torr for 2 minutes for a cumulative exposure of approximately 1 

Langmuir. The exposure was performed with the filament both off and on at 0.01 mA 

emission. There was no discemable change in the mass 19 signal level in either case, 

which may indicate that more time is required to form the precursors of hydronium 

(possibly adsorbed H20  or metal hydroxides). Additional exposure of the grid to H 2 

(with the ionizer filament turned off) was achieved by allowing it to accrete from the 

predominantly hydrogen background vacuum of 4 x 10 ' 1 0  Torr for 12 hours (-17 

Langmuir). The filament was then turned back on at 1 mA emission and the signals 

for mass 17, 18 and 19 all started out at a higher value than the baseline, as may be 

seen in Figure 5.5. The signals of mass 17 and 18 increased for several minutes as 

thermal desorption of water from the grid and surrounding walls occurred, 

undoubtedly due to the increase in temperature associated with the radiant energy of 

the filament.
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FIGURE 5.4 (a) In a QMS, when the partial pressure of water is increased 
sufficiently, the ratio of mass 19 to mass 18 (squares) decreases and eventually 
reaches a steady state value, while the ratio of mass 17 to mass 18 remains 
constant. There is a crossover pressure (~10 9  Torr) where mass 19 begins to track 
mass 18. (b) The lower plot shows the behavior of these same ratios in an FTMS 
instrument at much higher pressure where the ratio 19:18 actually increases with 
increasing pressure owing to the dominant source of H 3 0 + arising from equation 
(1.1). The lines shown are not a best fit, but are there to aid the eye.[l 1]
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FIGURE 5.5 The filament is turned off for 12 hours at a pressure of ~ 4 x 10' 1 0 Torr 
(H2 ) and then turned on at 1 mA emission. The signals for mass 17, 18 and 19 all start 
higher than before the filament was extinguished (dashed lines). Mass 17 and 18 
initially increase (grid desorption) while mass 19 decreases.[ll]

Simultaneously, however, the mass 19 signal started to decrease. This 

behavior indicates ESD generation instead of the gas-phase generation of mass 18. 

After increasing the emission current to 2 mA for one hour and then returning it to 1 

mA, the mass 19 signal was lower, probably because the surface source of hydronium 

was reduced with a higher rate of ESD. The emission current was then reduced to 

0.01mA for one hour. W hen the emission current was subsequently increased from 

0.01 mA to 1 mA, the mass 19 signal increased by over 20% and then slowly decayed
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to a steady state value, most likely because its source had increased during the time of 

reduced emission and lower ESD rate.

In an additional test to confirm the origin of mass 19 in the QMS, the grid was 

saturated with hydrogen for 8  hours at 1 x 10 ' 6  Torr and then pumped back down to

the base pressure of about 4 x 10' 1 0  Torr . Figure 5.6 shows that the mass 19 signal is

- 10nearly 6  x 10" Torr initially and then begins to decrease by a factor of 10 as the 

hydrogen is depleted. The lower portion of the curve probably represents rate limited 

H diffusion from the bulk, which supplies the surface ESD process.

7
6.0

6

5.0 - N(t) = N0+ N1exp(-ioat)

o
X

40)h .3
<0 4 .0 -
co
0) 3a.
CO
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+
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X 1

0

0 10 20 30 40 50 60

Time Since Dosing (hours)

FIGURE 5.6 After hydrogen is allowed to saturate the system components for 8  hours 
at 1.0 x 10"6  Torr, the signal at mass 19 increases by lOx from its pre-dose value 
(dashed line). The signal then begins to decrease over time. Inset is the first six 
points from which the ESD cross section o ~ l x  10" 19 cm 2  is estim ated.[ll]
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Even though the actual mechanism has not yet been determined, it is 

instructive to estimate the overall cross section for the ESD hydronium reaction. With 

an estimated ~ 1 cm grid area impacted by electrons, the ESD cross section for the 

initial rate was determined to be ~1 x 10" 1 9 cm2. This is shown in the inset of Figure 

5.6. If approximate monolayer coverage of a surface hydroxide complex, 1 x 1015

7 4
atoms/cm", is assumed, the formation efficiency is 1  x 1 0 " ions/e.

TABLE 5.1 Time o f Flight SIMS data from a stainless steel grid of a mass 
spectrometer ion source. Numbers are in counts per million of total sputtered 
constituents. Principle species of the stainless steel are Fe, Cr, and Ni.

Positive Ions Negative Ions
Atom/Molecule As received Sputtered As received Sputtered
H 41686 (4.2%) 16702 (1.7%) 419310 (42%) 137499 (14%)
O 34 (.0034%) 76 (.0076%) 189867 (19%) 278279 (28%)
OH 23 (.0023%) 52 (.0052%) 68804 (6.9%) 109446 (11%)
h 2o 11 (.0011%) 13 (.0013%) 310 (.03%) 458 (.05%)
H ,0 53 (.0053%) 27 (.0027%) . . . . . .

F — . . . 880 (.09%) 2507 (.25%)
Na 24396 (2.4%) 221445 (22%) . . . —

K 8030 (.8%) 101472 (10%) . . . —
35C 1 . . . . . . 3627 (.36%) 41415 (4.14%)
37C1 . . . — 1183 (1.18%) 13398 (1.33%)

Table 5.1 shows the results of the TOF SIMS experiment performed on the 

stainless steel grid o f the mass spectrometer. The concentrations o f the positive ions 

Na+ and K+ (possible constituents of metal halides) were observed to be 2.4% and 

0.8% respectively. After sputtering away the surface layers, the magnitudes increased 

by about an order of magnitude. H+ was detected at about 4%, but decreased by more 

than a factor of 2 after 35 seconds of sputtering (several monolayers). This suggests 

that the concentration of H in the surface complex was greater than in the bulk of the
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stainless steel. Also, trace amounts of 0 +, OH+, H 2 0 + and H 3 0 + were detected (< 

0.01%) as expected, but no F+ was detected. Figure 5.7 shows unambiguously the 

presence of a small number of positive hydronium ions at 19.020 amu, but no positive 

fluorine ions (18.998 amu) are present (F+ normally presented as the source of mass 

19 in a QMS).

<
v>

18.950 18.970 18.990 19.010 19.030 19.050

Mass (amu)

FIGURE 5.7 TOF SIMS positive ion spectrum near 19 amu shows the presence of 
hydronium (mass 19.020 amu), but no indication of fluorine (mass 18.998 amu).

In the negative ion mode, Cl" and F" were observed. After sputtering, Cl" 

increased from 0.5% to over 5% and F" increased from 0.1% to 0.25%, but these 

amounts were much less than that observed for H", O", OH" and Na+. The amount of 

H" detected was reduced from over 40% to less than 14% after sputtering while O' and
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OH" increased from -19%  to 28% and -7%  to 11%, respectively. These numbers 

indicate that the precursors to hydronium (H, O and OH) are much more prevalent 

than F at the surface of stainless steel. Also, the disproportionate amount of Na and K 

makes metal halides an unlikely source of F+ and mass 19 signals in a QMS.

Most investigations assume ESD generated mass 19 ions to be F+, since it is 

the simplest specie with that mass. They have offered differing opinions for the ESD 

mechanism which produces mass 19 amu[22-25] and its kinetic energy 

distribution.[9,35,39,45,83] As described in section 2.2, the Menzel-Gomer-Redhead 

(MGR) model describes desorption due to excitation to an ionic anti-bonding state 

whereas the Knotek-Feibelman (KF) model describes desorption via Auger decay. 

Either model might be applicable, depending on the surface. As for the source of F+, 

some investigators suggest the migration of fluoride molecules within a system[14] or 

fluorine transfer between surfaces[34], and even mention allowing the substrates 

involved to “accrete fluorine from the system background,”[35] all of which would 

probably yield a gas-phase signal as well.

The evidence from the work presented in Chapter IV and in this chapter 

indicates that the mass 19 signal is H 3 0 +, not F+. The TOF SIMS results clearly show 

the presence of H+, OH+, H 2 0 + and H 3 0 +, but no F+ in the positive ion spectra 

sputtered from the grid. Even in the negative ion spectra, the components of 

hydronium are far more prevalent than F". From the QMS results, the mass 19/18 

ratio, shown in Figure 5.4(a), decreases as the pressure increases to -  9 x 10‘ 1 0 Torr 

(H 2 O), after which the ratio remains constant at 0.04, clearly indicating that the 

source of mass 19 is not water in the gas phase. Figure 5.5 shows mass 19 does not
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follow water desorption from the grid, but, instead, decays monotonically from the 

depletion of some surface complex, possibly a metal hydroxide. Further, when the 

grid was saturated with hydrogen, the ESD hydronium signal increased tenfold (see

19 2Figure 5.6). The cross section a  ~ 1 x 10' cm shown in the inset of Figure 5.6 is 

near the lower part of the range of first order ESD cross sections that have been 

observed previously (typically 10" 16 to 10'20), such as H+ from stainless steel (1.3 x

x f . ' j  _1 8  9
10' cm ),[12] “fluorine” (possibly hydronium) from stainless steel (9.6 x 10“ cm“) 

[12] and H 2 0 + from Mo (~ 1 0 17 cm2).[84]

Hydronium formation via a surface process has been proposed before[10] and, 

in fact, observed in earlier field desorption experiments.[85] Hydronium generation in 

an electron impact source has been docum ented[8 6 ] and its formation through the 

reaction

H2 0 + + H 2 ->  H 3 0 + + H (5.2)

has been suggested, where the source o f the hydronium is not solely water and water 

ions, as in the more recognized gas phase reaction as stated earlier

H2 0 + + H20  —» H 3 0 + + OH. (1.1)

The existence of water clusters and higher order hydrated proton clusters 

(H7 0 3+, H9 0 4 +, etc.) on surfaces is well accepted.[72] W ith the constant motion of 

molecules on the surface and the propensity to form hydrogen bonds, the structure of
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water as individual H2 O molecules may be the least probable configuration. 

Hydronium ions could very well be formed on a surface by a first order electron 

ionization, but a second order process cannot be ruled out. Experiments by Beavis[62] 

and Funke et al, [63] have shown that water can form when surface oxides of stainless 

steel are exposed to hydrogen. Formation of metal hydroxides is also a possibility. 

The surface of heated stainless steel in vacuum is predominantly, Cr2 0 3  and with 

hydrogen saturation may form Cr(OH ) 3  from which H 3 0 + may be generated.

It has been shown that the source o f mass 19 in a QMS at ultra high vacuum is 

primarily a surface ESD process. There is also ample evidence that chemical activity 

involving hydrogen, oxygen and water occurs on the surface of stainless steel. 

Therefore, it is interesting to consider the chemical changes that occur on this surface 

when heated, hydrogenated and bombarded with electrons using the technique of x- 

ray photoelectron spectroscopy.
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CHAPTER VI 

XPS RESULTS AND DISCUSSION*

In the previous chapter, it was shown that hydrogen dosing the stainless steel 

grid o f a quadrupole mass spectrometer (QMS) increased the electron stimulated 

desorption (ESD) generated mass 19 signal. This is consistent with the surface of 

stainless steel being chemically active[62,63] in spite of the formation of a stable 

oxide at its surface, as discussed in section 2.3. In this chapter, x-ray photoelectron 

spectroscopy (XPS) is used to study the effects of heating and electron bombardment 

on the composition and surface chemistry of stainless steel and chromium oxide. We 

will see that these processes tend to reduce the amount of hydroxide complexes found 

on the surface, supporting the premise that ESD hydronium contributes to the mass 19 

signal in mass spectrometers.

6 .1 General Results

Using XPS analysis as described in sections 3.5 and 3.6, the composition of 

the surface of polished stainless steel was explored. Fluorine and hydroxides were of 

particular interest, including how they interacted with other species. The XPS survey 

scan showed that there was a significant amount o f carbon and oxygen on the surface.

* Manuscript under preparation for Applied Surface Science by Cole et al.
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The atomic composition of the main constituents was 45% carbon, 45% oxygen, 8 % 

iron and 2% chromium. From the peak area analysis of the survey scan and based on 

the oxide stoichiometry, most of the oxygen was bound to iron and chromium as 

Fe 2 C>3 or Cr2 C>3 , while approximately 30% of the oxygen was bound to either carbon 

(COOH or COH groups) or hydrogen (OH, H 2 O). Most of the carbon was either 

bound to other carbon atoms or to hydrogen, but the survey scan (see Figure 3.3) also 

showed a shoulder on the carbon Is peak at 288 eV, indicating that some carbon was 

involved in bonding with oxygen or fluorine (e.g. CF2 , COH or COOH groups).

The high resolution Cr 2 p 3 /2  signal of stainless steel required three peaks in the 

deconvolution for the best fit (x = 1.675), with the metallic chromium peak located at 

574.3 eV. If two peaks were used for fitting, per Rossi et a/.,[18] the fit was not 

acceptable (x = 2.688). Therefore, the hydroxide sub-peak was taken into 

consideration, as others have done.[65,66] Results of the Cr 2 p 3/2 peak from stainless 

steel show the chromium peak binding energy at 574.3 eV (2.00 eV FWHM), the 

chromium oxide peak was at 576.2 eV (2.27 eV FWHM) and the chromium 

hydroxide peak was at 577.6 eV (2.65 eV FWHM). An example of the data taken in 

this experiment with a three-peak fit is shown in Figure 6.1(a).

The high resolution scan of the O l s  peak, shown in Figure 6.1(b), was fit (x2  

= 1.755) with three sub-peaks for the oxide, hydroxide and water, as in the 

literature.[18,87] The O Is peak had its main oxide sub-peak at 529.7 eV (1.30 eV 

FWHM), the hydroxide sub-peak at 531.1 eV (1.40 eV FW HM) and the water sub­

peak at 532.2 eV (1.49 eV FWHM). The water sub-peak has been shown to
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contribute at binding energy up to 534 eV,[67,87] but other publications agree with 

our interpretation.[18,66]

Cr(OH)3

CO

!S
<

10c
2c

576 574 572 570582 580 578

B i n d i n g  E n e r g y  ( e V )

2

<

c

536 534 532 530 528 526 524

B i n d i n g  E n e r g y  ( e V )

FIGURE 6.1 Deconvolution of Cr 2 p 3 /2  peak (a) and O Is peak (b) show 
three sub-peaks.
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6.2 Fluorine Results and Discussion

Since fluorine is normally thought of as the source of mass 19 in mass 

spectrometers, it was interesting to note its contribution to the surface of stainless 

steel. Also, the effects of electron bombardment and heating were observed.

The high resolution scan of F Is showed that a small amount of fluorine 

existed in the sample in two forms, with binding energies of 684 and 689 eV. The 689 

eV peak indicates CFX on the surface while the peak at 684 eV indicates metal 

fluorides at or near the surface. Because the F contribution was so small, a scan using 

the same parameters as the F Is scan was done on the O Is peak for comparison. The 

O Is and F Is peaks revealed that fluorine was only 0.8% as abundant as oxygen, and 

thus only 0.4% of the total surface/sub-surface composition.

As can be seen in Figure 6.2, the F Is signal initially indicated two species 

existing at or near the surface, each containing about half the total amount. After 

electron bombardment, the surface F I s  signal at 689 eV disappeared while the sub­

peak at 684 eV remained. Also, the C Is signal at 288 eV (possibly CFX) was reduced 

by the bombardment. After heating to 400 °C, the F Is sub-peak at 684 eV 

disappeared and was not detected after cooling for an hour in vacuum and exposure to 

atmosphere for 8  hours.

When the stainless steel was bombarded with electrons, any fluorine that was 

bound to carbon on the surface was removed, but there was little effect on the metal 

fluorides. This is most likely because the fluorides are found below the surface, where 

electron stimulated desorption does not readily occur. Although, ESD ions can
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CF. NaF

After electron bombardment

Heated to 400 °C, cooled and exposed to atmosphere

694 692 690 688 686 684 682 680 678

Binding Energy (eV)

FIGURE 6.2 The XPS spectrum of F Is shows that electron bombardment reduces 
surface fluorine compounds, but not bulk fluorine. Heating reduces both. The feature 
to the far left is contribution from the Cr 2s peak.
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emanate from below the surface, the probability is reduced. For example, experiments 

have shown that ESD F+ ion flux is reduced by 90% if it must pass through just two 

monolayers of water.[8 8 ]

W hen the steel is heated to 400 °C, the signal from the metal fluorides 

disappears and it does not return after cooling or after exposure to atmosphere for 

eight hours. This suggests that while there may be fluorides present initially, once 

they are eliminated they do not return. Therefore, there is little support for 

background accretion of fluorine causing the return of the signal at mass 19.

6.3 Heating and Hydrogen Dosing

In order to ascertain the source and behavior of hydroxides on the surface of 

stainless steel and chromium, samples were heated and dosed with hydrogen as 

described in section 3.6 and 3.6.1. Preliminary data were taken using polished 

stainless steel and chromium before and after heating to 400 °C for 3 hours, after 

accretion from the background overnight and after hydrogenation at 1 x 10"7  Torr for 

three hours. The contributions of each Cr 2 p 3/? sub-peak in the stainless steel and in 

the chromium samples are shown in Table 6.1. After heating, the amount of 

hydroxide in the stainless steel decreased from 53% to 23%, but there was little 

change for the chromium sample. After accretion of hydrogen from the background 

vacuum overnight, there was an increase in hydroxides from 23% to 30% in stainless 

steel and from 9% to 20% in chromium. There were no discemable changes after 

further hydrogen dosing.
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TABLE 6.1 Contribution of Cr 2p3/2 sub-peaks for stainless steel and chrom ium 
after various treatments.

Polished Stainless Steel Polycrystalline Chromium

Metal Oxide Hydroxide Metal Oxide Hydroxide

Polished 3% 44% 53% 23% 69% 8 %

Heated 1 2 % 65% 23% 16% 75% 9%

Accretion/
Hydrogenated

2 0 % 50% 30% 2 0 % 60% 2 0 %

Heating the stainless steel sample clearly segregates more chromium to the 

surface where it scavenges oxygen from iron. However, heating the polycrystalline 

chromium sample may actually allow the oxygen from the surface to diffuse deeper, 

reducing the percentage of metallic chromium in the signal.

Figure 6.3 shows the variation in atomic percentage of several species as the 

polished stainless steel sample was heated incrementally to 500 °C, as described in 

section 3.6.1. After initially decreasing from 31% to 6 %, carbon begins increasing 

again above 300 °C to 24% at 500 °C. The oxygen begins decreasing from over 60% 

at 300 °C down to about 50% at 500 °C. The chromium content increases with 

temperature from its initial value of 2% to a value of 22% at 400 °C and above. The 

iron content increases from its initial value of over 8 % to over 23% at 300 °C and 

then decrease to less than 4% at 400 °C and above. A small amount of manganese (< 

4%) begins to show up at 400 °C. The increase in chromium and decrease in iron 

content were both expected, since this has been observed with other types of analysis, 

such as Auger electron spectroscopy. [31]
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FIGURE 6.3 The surface composition of the 3 16L stainless steel varies as 
sample temperature changes.

The O l s  signal diminished with increasing temperature as water and 

hydroxides left the surface. High resolution scans of the O Is peak showed that the 

shoulder on the peak also decreased, indicating a reduction in hydroxides. As 

received, the hydroxide and water contribution to the O l s  peak was over 30%. At 

300 °C it dropped to 22% with no discemable water sub-peak. A t 400 °C and 500 °C 

the hydroxide contributions were 16% and 8 % respectively.
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6.4 Electron bombardment

As discussed in Chapter V, since hydronium is generated by ESD as electrons 

strike the grid of mass spectrometers, XPS was used to study hydronium precursors 

on stainless steel and chromium as a function of electron bombardment. XPS spectra 

of the Cr 2 p 3 /2  and O l s  peaks were collected from a stainless steel substrate after 5 

hours and 8  hours of bombardment with 0.3 mA of 70 eV electrons. The same 

experiment was conducted for chromium except that electron bombardment was only 

done for 5 hours due to system time constraints.

The O l s  spectrum of stainless steel after 5 hours o f electron bombardment is 

shown in Figure 6.4. The O Is sub-peak at 529.7 eV (1.30 eV FWHM) was the 

largest and remained relatively unchanged, but increased its contribution to the 

overall signal from 57% to 77%. The peak at 531.1 eV (1.40 eV FWHM), 

corresponding to hydroxides and carboxyl groups, was reduced in height and its 

contribution to the O Is signal changed from 32% to over 22%. The contribution of 

the shoulder at 532.2 eV (1.49 eV FWHM), corresponding to water and carbonyls, 

was reduced from 1 1 % to < 1 %.

In order to note changes to the Cr 2 p 3 /2  peak, a larger pass energy value of 150 

eV was used to increase the signal strength (see section 3.5.1). However, the signal 

was still very noisy and difficult to fit. The peak was composed of three sub-peaks at 

574 eV, 576 eV and a broad shoulder at 577.9 eV. The contribution of the Cr 2 p3 /2  

sub-peak from the Cr metal at 574 eV (2.00 eV FW HM) increased from 7% to 16%. 

The contribution of the sub-peak from chromium oxide at 576 eV (2.2 eV FWHM)
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increased from 51% to 67%. Finally, the contribution of the sub-peak from chromium 

hydroxide at 577.9 eV (2.3 eV FWHM) decreased from 42% to 17%. This is 

consistent with hydroxides leaving the surface through H+, OH+ or H 3 0 + ESD.

Before

c
£c After

536 530

B i n d i n g  E n e r g y  ( e V )

528 526 524 522538 534 532

FIGURE 6.4 The O Is peak shows a decrease of the shoulder at 531.1 eV after 70 
eV electron bombardment at 0.3 mA for 5 hours.

Electron bombardment of the polycrystalline chromium sample increased the 

amount of the Cr 2 p 3 /2  signal due to the oxide at 576.3 eV (2.27 eV FWHM) by 6 % 

and reduced the signal from the metal at 574.5 eV (1.58 eV FWHM). The O Is peak 

shows an increase in the oxide signal at 530.7 eV (1.46 eV FWHM) while the 

hydroxide and water signals at 532.1 eV (1.66 eV FW HM) and 533 eV (2.31 eV 

FWHM) decrease. These results are shown in Figure 6.5.
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FIGURE 6.5 The Cr 2 p.3 /2  peak (a) and O l s  peak (b) in polycrystalline 
chromium show an increase in the oxide and decrease in hydroxides after electron 
bombardment.
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6.5 Discussion

As discussed in sections 2.3 and 2.7, it is generally accepted that the passive 

film o f austenitic stainless steels is mostly a chromium hydroxide outer layer (~ 15 A) 

containing some iron hydroxide and a chromium oxide inner layer (20 -  40 A) with 

some iron oxide, chromium and iron. A schematic of the surface composition is 

shown in Figure 6 .6 . XPS and TOF-SIMS data support this conclusion, with TOF- 

SIMS unambiguously showing the presence of positive and negative ions of CrOH 

and FeOH.[18,65] A sub-layer is found below this passive layer containing 

chromium, iron and nickel oxides with some chromium, iron and nickel metal. Alloys 

with higher chromium content seem to have a thinner chromium oxide layer, but are 

more corrosion resistant. This is possibly because oxygen reacts with the chromium 

mostly on the surface leading to a dense film that retards inward diffusion of 

oxygen. [65]

Rossi[18] et al. suggested that the O Is signal is comprised of three peaks at 

530.0 ± 0.2 eV, 531.3 ± 0.25 eV and 532.7 ± 0.2 eV, which is consistent with our 

analysis. The three peaks have been attributed to C^Cb, chromium hydroxide and 

water respectively.[18] In stainless steel it is likely that the component near 530 eV 

has a small contribution from Fe2 C>3 , and CrO and FeO sub-oxides.

McCafferty et a l.[87] point out that carboxyl (COOH) and carboxylate 

(COO) groups contribute to the shoulder as well. The component near 531 eV 

corresponds to COOH, C r(=0)O H  and Cr(OH)3 , and the component near 532 eV is 

assigned to H2 O and possible ester oxygen ( 0 -C = 0 )  in those carboxyl groups.
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FIGURE 6 . 6  A schematic showing the chemistry o f the surface of stainless steel.

Hydrogen dosing the samples generated the formation of hydroxides at the 

surface, but not to a great extent. The amount of water formation on the surface 

depends linearly on the amount of hydrogen present and the temperature of the 

surface. If the surface is heated to 900 °C in an oxygen atmosphere, its ability to 

produce water is reduced.[62] This is no doubt due to the fact that no hydrogen is 

available to be incorporated into the oxide. Hot filaments in ion sources would 

promote the formation of very reactive atomic hydrogen that could interact with the 

grid oxide layer. [89]
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The source o f oxygen for hydroxides and, ultimately, hydronium, is most 

likely surface oxides or carbon oxides. In the case of surface oxides, C^Cb is so 

strongly bound and stable (enthalpy of formation = -269.7 kcal/g/mol) that it is seen 

as a less likely candidate for the source of oxygen than iron oxides or nickel oxides. 

Since heating segregates more chromium to the surface of stainless steel, the evidence 

of reduced water formation supports this hypothesis,[62] although other stainless steel 

constituents could contribute. The enthalpy of reaction at 400 °C for reduction of NiO 

to Ni is - 8  kJ/mol-T^O, compared to 34 kJ/mol-H 2 0  for Fe3 C>4 to Fe and 102 kJ/mol- 

H 2 O for G 2 O 3 to Cr.[63] Enthalpies for FeO (272 kJ/mol) and Fe 2 0 3  (825.5 kJ/mol)

[90] are lower than those for CrO (429.3 kJ/mol) and Cr2 0 3  (1128.4 kJ/mol).[91] 

Therefore, it would seem that hydroxide formation from nickel or iron oxides is more 

thermodynamically favorable. Heating also promotes the formation of a more ordered 

oxide, leaving fewer defect sites for formation. These defects play an important role 

in causing water dissociation and hydroxyl formation on the oxide surface.[60] 

Nevertheless, the thermal vacuum processes also result in diffusion of bulk hydrogen 

to the surface complex that ultimately forms hydroxides and probably hydronium.

Other metals may have the capability of generating water and hydronium from 

hydrogen, oxygen and hydroxides as well. Co-adsorption of hydrogen with oxygen on 

palladium can have various structures depending on temperature. [64] These structures 

change between a ( 2  x 2 ) ordered phase and a (V3 x V 3) phase as hydrogen diffuses in 

and out of the bulk. Above 220 K, oxygen is lost from the Pd surface due to 

formation of OH and, subsequently, H 2 O as hydrogen segregates from the bulk. [64]
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W hen the stainless steel is bombarded with electrons, the sub-peak at 531 eV 

(COOH, Cr(OH)3) and the shoulder at 532 eV (H 2 O) are reduced. The hydroxides and 

carboxyl contaminants on the surface desorb as CO, H 2 , H+ and H 3 0 + and allow more 

sub-surface CrO, FeO and Fe2 0 3 to be detected.
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FIGURE 6.7 The desorption efficiency of CO and H 2 increase as electron energy 
increases, with hydrogen being the most significant gas desorbed. [92]

Related work in Figure 6.7 shows the desorption efficiency of H 2  and CO 

desorbed by ESD/thermal mechanism following heating o f a polished stainless steel 

surface. [92] As the voltage was increased, the desorption flux also increased, but did 

not reach a maximum. The desorption of a significant quantity of both H 2  and CO is
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consistent with the diminution of both O and H on the surface. [31] Although heating 

to 400 °C is sufficient to remove all adsorbed water, electron bombardment showed 

the m ost significant gas desorbed was still H 2 . The surface was most likely re­

supplied by hydrogen diffusion from the bulk which may ultimately form hydroxides. 

Additionally, the ESD of CO could leave “free” OH (from COOH, for example) that 

interacts with existing hydroxides to form H 3 0 + via ESD.

Another possibility to consider is that some Cr(OH ) 3  or C r(= 0 )0H  is 

converted to Cr2 0 3  or C1O 2  as the shoulder at 531 eV reduces, since the chromium to 

oxygen ratio would decrease. These conversions are supported by the chromium data 

in Figure 6.5, since the hydroxide and Cr metal signals reduce while the oxide peak 

increases during bombardment. We propose reactions given by

Cr(OH ) 3  + e —> C r0 2 + H 3 0 + + 2e~ (6.1)

or

H + 2C r(= 0)0H  + e ^  2C r0 2  + H 3 0 + + 2e (6.2)

However, it may be that electron bombardment ju st promotes the formation of Cr2 0 3  

from chromium while also reducing hydroxides.
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6 . 6  ESD model for H 3 0 +

The precursors for hydronium formation are most likely hydroxides formed by 

the interaction of the protective oxide layer with hydrogen from the residual gas 

background and the bulk hydrogen that diffuses to the surface. Hydroxide formation 

can also be promoted by nearby hot filaments where atomic hydrogen can be 

created. [89] Further interactions with hydrogen and electrons may also lead to water 

and hydronium formation, as proposed by the following equations.

Souda’s work[17] with D 2 O adsorbed on rare gas substrates showed emission 

of D 3 0 + ESD ions and higher order clusters (D 3 0 2 +, etc.). In that work, it was also 

pointed out that previous studies using metal substrates did not have significant 

positive ion emission except for H+. The reason for the limited emission is due to the 

delocalization of valence holes because of strong interactions between the water 

molecules and the metal substrate. On a rare gas substrate, isolated free clusters can 

be supported for long enough time periods so that Coulombic repulsion between 

valence holes can occur.[17] These valence holes are a result of Auger decay o f deep 

core holes or multiple electron excitations. It is proposed that the protective oxide 

layer that naturally forms on the surface of stainless steel will inhibit delocalization of

H 2  + Cr(OH ) 3 ->  Cr(OH ) 2  + H20  + H (6.3)

Cr(OH ) 2  + H20  + H + e' —> Cr(OH ) 2  + H 3 0 + + 2e (6.4)

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



100

valence holes created during electron bombardment. Defects in the oxide provide 

potential activation sites where hydrogen, hydroxides and water can interact to form 

hydronium.

There is also the possibility that a two-electron process can occur. A free O-H 

bond on the surface could yield an H+ ion or the proton could travel along the axis of 

a hydrogen bond with a neighboring molecule and form hydronium. The available 

kinetic energy could free the H 3 0 + ion or a second electron could free the H 3 0 + 

molecule through the Knotek-Feibelman mechanism, described in section 2.2. It is 

even possible that formic acid (HCOOH) could form on the surface and become a 

source of H+ ions.

Term inal 
OH group

Bridging 
OH group

1st layer of lattice O2

Possible 
H30 + site

Side View Top View

FIGURE 6 . 8  Schematic representation of Cr2 0 3  (001) surface with hydroxide 
groups. The additional bonding site for water could lead to hydronium formation.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



The hydronium formation could be aided by the geometry of hydroxyl binding 

on the surface. As described by Henderson and Chambers,[67] and shown in Figure 

6 .8 , an isolated terminal O-H bond and a bridging O-H bond on can be 

involved in an unusually strong hydrogen bond. The Cr3+ cation involved with the 

terminal O-H group can also bind another non-dissociated molecule o f water, 

facilitating hydronium formation.

Certainly, there are adequate sources for hydronium formation on stainless 

steel found in the form of surface hydroxides, surface oxides, hydrogen and water in 

the residual gas background and bulk hydrogen. Heating was shown to reduce the 

amount of surface hydroxides and water, while hydrogen dosing increased hydroxide 

formation. The interaction of electrons with the chromium oxide passive layer of 

stainless steel reduced the hydroxide content as well. These results support the 

findings in a QMS, where hydrogen dosing increased the ESD signal of hydronium 

and electron bombardment reduced the signal.
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CHAPTER VII 

SUMMARY

The data presented here indicate that the 19 amu peak observed in the residual 

gas spectra of a Fourier transform mass spectrometer (FTMS) is predominantly H 3 0 + 

rather than F+ and its magnitude is strongly connected with the partial pressure of 

water. While, obviously, this observation of hydronium dominance may not be the 

norm if one is working with vacuum systems containing fluorine bearing gases, it is 

proposed that it makes up the predominant signal at mass 19 in systems without 

fluorine exposure. It has also been shown that there is sufficient time available in a 

quadrupole mass spectrometer (QMS) for secondary ion-molecule interactions to 

occur at pressures above 10‘ 9  Torr leading to the formation o f H 3 0 +.

Using high resolution FTMS, high sensitivity QMS and time of flight 

secondary ion mass spectrometry (TOF SIMS), it has been shown that, in positive ion 

spectra, the mass 19 signal is predominantly H 3 CF. By varying electron emission 

current and H 2 O partial pressure, it was shown that in ultrahigh vacuum (UHV), the 

H 3 0 + is generated by electron stimulated desorption (ESD) at the grid, independent of 

adsorbed H2 O. As the partial pressure of water increases from 4 x 10 ' 1 0 Torr, the 

mass 19/18 ratio decreases and then approaches a constant at pressures greater than 

~1 x 1CT9  Torr. The ESD generated H 3 0 + signal is relatively unaffected by hydrogen 

dosing at modest exposures, but increases by a factor of 1 0  upon saturation hydrogen
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exposure for 8  hours. Consistent with a surface electron ESD process, the H3 0 + signal 

then rapidly decays with the depletion of surface hydrogen.

As the partial pressure of H 2 0 + increases above ~1 x 10~9  Torr, the ratio of 

mass 19 to mass 18 in the QMS becomes a constant (~ 0.04), suggesting a 

dependence on adsorbed water. As the pressure reaches 1 x 10~7  Torr, gas phase 

collision mechanisms become the dominant H 3 0 + source.

Since ESD surface ions from stainless steel are frequently seen, but often 

ambiguous, XPS was used to determine the effects of heating, electron bombardment 

and hydrogen dosing on hydroxides and fluorine in stainless steel and chromium. The 

H 3 0 + generated by ESD could be connected with a surface complex, possibly a metal 

hydroxide. From the data presented in Chapter VI it is clear that fluorine and 

hydroxides are present on the stainless steel surface. Fluorine is not abundant and 

electron bombardment is only effective in removing fluorine found in complexes on 

the surface, not in the bulk material. However, heating the sample eliminates the 

remaining fluorine signal, including metal halides below the surface. Re-exposure to 

ambient did not re-introduce F onto the metal surface. These observations run 

contrary to what other researchers have claimed to notice about the behavior of 

fluorine.

The O l s  peak was shown to be made up of three sub-peaks, one 

corresponding to chromium and iron oxides, another to chromium hydroxide and 

carboxyl groups and one to water and carbonyl groups. The Cr 2p3 /2  peak consists of 

chromium, chromium oxide and chromium hydroxide sub-peaks. Heating the 

stainless steel reduces the amount of hydroxides and hydrogen dosing promotes a
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limited increase in their abundance. This supports the results of hydrogen dosing the 

grid o f a QMS where the signal from mass 19 increased.

Electron bombardment of both stainless steel and chromium surfaces reduces 

hydroxides as indicated by the decrease in the hydroxide shoulder on the O Is and Cr 

2 p 3 /2  peaks. It is believed that this reduction occurs through ESD of IT, OH, H+ and 

H 3 0 +. Again, this result follows logically, since the mass 19 signal decays during 

electron bombardment o f the grid in a QMS. Electron bombardment also increases 

the chromium oxide signal.

Through this study we have seen that the presence of a mass 19 amu peak in a 

mass spectrometer is predominantly H 3 0 + rather than fluorine. Using various forms 

of mass spectrometry and surface analysis has allowed us to see how this anomalous 

mass spectral peak might arise. The hydronium formation occurs through electron 

stimulated desorption via surface interactions with the residual gas background, and 

the process can be enhanced by the presence of water vapor and hydrogen. Certainly, 

we have shown that it would be beneficial to use additional analysis techniques to 

better understand and explore other anomalous signals that one might see in mass 

spectra.
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