
.........:.:+:.:.:i:::i:i:i:]::,.!:!$1:i:i:{:::::::::::::::.:.:....._ 

applied 
surface science 

E L S E V I E R  Applied Surface Science 108 (1997) 23-32  

An investigation of the ESD O / O  + ratio from 
V205 and oxidized V 

Mitch Jacoby a,1, F.J. Northrup a, P.C. Stair a,*, E. Weitz a, L.D. Marks b 
a Center for Surface Radiation Damage Studies and Department of Chemistry, Northwestern University, Evanston, IL 60208, USA 

b Center for Surface Radiation Damage Studies and Department of Materials Science and Engineering, Northwestern University, Evanston, 
IL 60208, USA 

Received 4 December 1995; accepted 12 July 1996 

Abstract 

The ratio of oxygen atoms to ions (O /O  +) generated during electron stimulated desorption (ESD) from V20 s and 
oxidized V foil has been investigated. Desorbates were probed directly with high resolution quadrupole mass spectrometry. 
X-ray photoelectron spectroscopy was used as an indirect probe to measure the ESD induced surface oxygen loss. Despite 
the number of ESD target preparation methods and experimental variations used, ESD O atoms were never detected. 
Accordingly, the results are presented as an upper limit to the ESD O / O  + ratio, as determined by the neutral detection limit 
of the given instrumental method. The results of the mass spectral probe were an O / O  + ratio of = 54 (oxidized V foil), 58 
(1802/V205) and 160 (V205). From the XPS results (oxidized V foil) the ratio was determined to be = 4. 

1. Introduct ion  

Stimulated desorption (known collectively as 
DIET; desorption induced by electronic transitions) 
has been the subject of  considerable interest for 
nearly 35 years, as is evident from the ~ 1000 
research papers that have been published on this 
topic since 1960 [1] 2. Of the wide variety of  sys- 
tems investigated, the maximal  valence oxides (e.g. 
TiO 2, V205, W O  3) gained particular attention be- 
cause O + DIET could not be rationalized within the 
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2 Many useful references may be found in the five DIET books 
[21. 

classic M e n z e l - G o m e r - R e d h e a d  (MGR) model  
[3,4]. Specifically,  the M G R  model  was unable to 
explain desorption of  O + from a lattice of  O 2- with 
a desorption threshold corresponding to excitation of  
a metal core level. To explain these observations, 
Knotek and Feibelman (KF) proposed a desorption 
model  based on an Auger  decay mechanism [5,6]. In 
the case of  V205, the KF mechanism is as follows: 
the highly ionic character of  V205 leaves V with no 
valence electrons. The highest lying V electrons are 
at the V(3p) level. The dominant relaxation mode 
following ejection of  a V(3p) electron (by an inci- 
dent electron beam) is an inter-atomic Auger  pro- 
cess. The V(3p) vacancy is fi l led by a neighboring 
O(2s) electron. Energy is conserved by emission of  
Auger  electrons from the O(2s) level. If  two Auger  
electrons are emitted (a double Auger  process) ,  a 
total of  three electrons will have been removed from 
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an O atom. 0 2 .  is thus converted to O + and 
promptly desorbs due to Coulomb repulsion. 

Although an O + desorption mechanism is pro- 
vided, KF indicated that DIET from these oxides is 
expected to produce more neutral O than O + be- 
cause (1) the double Auger process is uncommon 
(8% relative probability in Ne) and (2) formation of 
the initial hole at the O(2s) level favors neutral O 
desorption [6]. In addition, if O + is formed at the 
oxide surface, it has an appreciable probability of 
being neutralized and desorbing as neutral O. The 
O / O  + ratio is therefore predicted to be not less than 

100. As with most DIET studies, investigations of 
V205 have generally been limited either to analysis 
of the species desorbing from the surface or analysis 
of the substrate. Further, desorbate analyses appear 
to have been limited to ionic species. Clearly, a more 
complete picture of the DIET process may be ob- 
tained through an investigation that includes the 
substrate and both ionic and neutral desorbates. This 
paper reports the results of an ESD study of V205 
and oxidized V foil in which the neutral to ion 
stimulated desorption ratio was probed directly, 
through desorbate analysis, and indirectly by study- 
ing the ESD induced modifications to the substrate. 

1.1. ESD o f  oxygen from V 2 0 5 

The electron beam induced depletion of oxygen 
from the V205 (010) single crystal surface was stud- 
ied by Colpaert and coworkers [7,8]. Low energy 
electron diffraction (LEED) investigations indicated 
that V205 is transformed under electron irradiation to 
V6013. Knotek and Feibelman [5,6] reported desorp- 
tion threshold and ion yield measurements from V205 
and V203 in the development of their desorption 
model. An O ÷ desorption threshold was observed at 
the metal core ionization potential for V205 but not 
for V203 in agreement with the Auger decay model. 
Photon stimulated desorption studies on the V205 
(010) surface [9] demonstrated that O + desorption is 
strongly peaked in the direction of the surface nor- 
mal with a most probable kinetic energy of 4.4 eV. 
In addition to these reports, a series of papers on the 
high resolution transmission electron microscopy of 
V 205 have appeared recently in the literature [10-13]. 
Experimental details and a theoretical treatment of 
the electron beam induced phase transition kinetics 

from V205 to VO by way of intermediate V oxides 
were presented. The nature of the intermediate ox- 
ides was found to be dependent on the electron flux. 
Included with these substrate analyses is a report on 
the dependence of the O ÷ yield on time (constant 
current electron source) and temperature [11]. The 
authors conclude that a diffusion controlled desorp- 
tion mechanism is operative. Thus, a survey of the 
V205 DIET literature indicates that electron beam 
induced loss of oxygen is well established. Although 
it is generally accepted that the stimulated desorption 
probability is several orders of magnitude larger for 
neutrals than for ions, none of the cited papers report 
detection of neutral desorbates. 

1.2. DIET of  neutrals 

Due to the ease of detecting ionic desorbates 
relative to neutrals, the vast majority of the ESD 
literature (particularly before DIET II [1,2]), contains 
reports on the yield and kinetic energy of desorbed 
ionic species with little mention of neutrals. Most of 
the early reports on neutral ESD are based upon a 
kinetics model in which the neutral desorption 
cross-section is determined, indirectly, from measur- 
ing the time dependence of the ESD ion signal decay 
[14]. Although such experiments may offer reliable 
results, a more convincing argument can be made if 
both neutral and ionic desorbed species are detected, 
and then conclusions are drawn about their relative 
cross-sections or abundances. The results of the indi- 
rect measurements could be in error, for example, if 
the coverage was not known accurately, or if the ion 
yield decreased due to diffusion into the bulk or 
conversion to an unmonitored species. Nonetheless, 
the ESD O / O  + ratio from 02 dosed metals has been 
determined in this manner. From the O2 /W system, 
O / O  + ratios of 10 [15] and - -20  [16] have been 
reported. Redhead has reported O / O  + ratios of -- 49 
and 55 from O2/Mo [4]. The O / O  ÷ ratio for V205 
or O~/V does not appear to have been reported. A 
wider range of ratios (--  10-10 3) has been reported 
for other systems, such as the C O / C O  + ratio from 
C O / W  or the O / O  + ratio from CO2/W [14,15]. 

Electron stimulated desorption of neutral species 
has been detected directly using a variety of tech- 
niques. Mass spectrometers with modified ionizers or 
detectors [17,18], the direct detection of energetic 
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metastables [19], and the use of optical techniques to 
measure the emission spectra from excited species 
[20-22] have been employed. Laser techniques have 
been used in neutral ESD studies because of their 
high ionization efficiency and selectivity. A discus- 
sion of these methods together with recent results 
from the O2/Ag system is deferred to a forthcoming 
paper [23]. 

2. Experimental 

Table 1 
Materials and methods used for the preparation of ESD targets 

Material Preparation method 

V205 powder, 99.9% pressed pellet untreated 
V205 powder, 99.9% pressed pellet heated to 550°C 

in 1 atm O 2 
V205 powder, 99.9% pressed pellet sintered (625°C, 

1 atm 02, 12 h) 
V205 powder, 99.9% pressed pellet H 2 reduction+ 

180 oxidation 
Vanadium foil, 99.7% 0.127 mm thick flame oxidized 

Two types of experiments were conducted in the 
search for stimulated desorption of neutral species. 
In the first, a quadrupole mass spectrometer was 
used to probe the ESD desorption products from the 
target. In the second, the desorbed species were 
probed indirectly by studying electron beam induced 
modifications to the irradiated surface with X-ray 
photoelectron spectroscopy (XPS). 

2.1. High resolution quadrupole mass spectrometry 

ESD experiments in which a high resolution 
quadrupole mass spectrometer (HRQMS) was em- 
ployed as the desorption detector were conducted in 
a VG Scientific ESCALAB/SIMSLAB Mk.II ultra- 
high vacuum chamber with a 3 × 10 -11 Torr base 
pressure. The vacuum chamber is actually composed 
of three chambers, each equipped with its own 
pumping facilities and separated from one another 
via gate valves. Typically, samples were mounted on 
stainless steel stubs, and admitted to the vacuum 
chamber (without venting and baking) by way of a 
fast-entry air-lock. A heatable, high pressure cell, 
located within the air-lock enables samples to be 
pretreated with various gases at elevated tempera- 
tures and pressures while the remainder of the sys- 
tem is maintained under UHV conditions. Following 
evacuation of the air-lock, the sample is transferred 
to the central chamber from where it may be shuttled 
along a rail system to either the XPS or SIMS 
chamber. This design allows several samples to be 
manipulated simultaneously, the result being that 
multiple samples may be analyzed, in succession, in 
a short period of time. 

V205 powder (Aesar, 99.9%) and 0.127 mm thick 

V foil (Aldrich, 99.7%) were used to prepare the 
targets analyzed in this study. V205 pellets were 
formed in a laboratory press and further treated as 
indicated in Table 1. The high pressure cell was used 
for all the pellets listed in Table 1 except for the 
untreated pellet. The sintered pellet was transferred 
from the press to the sintering furnace and then 
retreated in the high pressure cell with O 2 at one 
atmosphere pressure. Following pretreatment in the 
high pressure cell, all targets were transferred, under 
vacuum, to the SIMS chamber to conduct ESD 
experiments. The V foil target was oxidized in a 
laboratory burner and then loaded into the vacuum 
chamber, bypassing the high pressure cell. 

ESD experiments were carried out using either a 
standard Varian 981 series LEED/Auger  electron 
gun (0.5-1 kV, 100/xA, < 10 cm working distance) 
or a resistively heated W filament ( <  75 eV, < 0.5 
cm filament-to-sample distance). The desorption was 
detected using an Extrel C-50 high resolution 
quadrupole mass spectrometer. This unit was 
equipped with a high current electron bombardment 
ionizer and a six element ion optics system which 
comprises the ion source. The ionizer impact energy 
was calibrated against the ionization potential of 
argon gas. The quadrupole was operated at 2.1 MHz 
and was composed of rods measuring 1.9 cm in 
diameter and 22 cm in length. These features made it 
possible to achieve separation of signals derived 
from 160 and C H  4 ( =  0.03 ainu). The output of a 
channeltron ion detector was fed to a pulse counting 
preamplifier whose output was signal averaged in a 
Tracor Northern TN-1750 multichannel analyzer. 
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2.2. X-ray photoelectron spectroscopy 

An alternate approach to the investigation of the 
ESD process involves quantifying the target material 
changes that are induced through electron beam irra- 
diation. An experiment of this type was conducted 
using XPS. Following preparation, a flame oxidized 
V foil target was characterized initially by XPS. The 
target was then transferred (under ultrahigh vacuum) 
to the SIMS chamber where it was subjected to 150 
min of electron irradiation (850 V, 150 /xA beam 
current) from the LEED/Auger  electron gun. The 
target was then returned to the XPS chamber (still 
under ultrahigh vacuum) to record a post irradiation 
spectrum. The pressure in the two analytical cham- 
bers and the adjoining central chamber was _< 10 - l°  
Torr during the course of the experiment. Mg K ~x 
X-rays (1253.6 eV) were used as the surface probe, 
and the energy analyzer was operated at a constant 
50 eV pass energy. 

3. Results and discussion 

3.1. High resolution quadrupole mass spectrometry 

The main difficulty in detecting ESD O atoms 
with a mass spectrometer is identifying the source of 
the signal at mass 16. When the signal at mass 16 
grows substantially relative to signals at all other 
masses during irradiation of the ESD target, then the 
increase in the mass 16 signal may be attributed to 
the ESD of atomic oxygen. Unfortunately, operation 
of the electron gun in our insmament produced in- 
creases in the signals at many masses, even at an 
operating pressure in the 10-11 Torr range, and even 
with the electron beam directed away from the ESD 
target. With significant, unwanted ESD from the 
vacuum chamber walls, it was unclear whether the 
increase at mass 16 was due to ESD O atoms or to 
methane. Although the CH~-/CH~- signal ratio may 
be used to distinguish 160 from CH 4 at a normal 
electron bombardment energy of 70 eV fragmenta- 
tion of molecules containing oxygen such as CO, 
CO 2, or H20 in the electron bombardment ionizer 
will also contribute to the signal at mass 16. The 
signal due to fragmentation can be reduced by lower- 
ing the mass spectrometer electron impact energy 

below the threshold for O + production from these 
molecules. However, there are a number of problems 
with this appearance potential approach. First, the 
appearance potential of CI-I~- lies below the ioniza- 
tion potential of atomic oxygen so that there will 
always be a contribution to the signal at mass 16 
from residual methane typically found in well-baked 
UHV chambers. Next, the fragmentation yield is 
very dependent on the electron impact energy so that 
the relative contribution to the mass 16 signal from 
methane and molecules containing oxygen changes 
as the ionizer electron impact energy is lowered. 
Thirdly, when the electron impact energy is below 
the threshold for CO 2 fragmentation, = 15 eV, the 
lineshape and the signal-to-noise ratio deteriorate to 
the extent that positive identification of ESD O 
atoms is quite difficult. After attempting to conduct 
these experiments with two low resolution mass 
spectrometers (VG Masslab and UTI 100C) it was 
determined that truly unambiguous results may only 
be obtained from a high resolution instrument which 
provides both the total separation of 160 from 
methane and maintains a good signal-to-noise ratio 
under the demanding conditions of low electron im- 
pact energies. 

Fig. 1 shows a typical high resolution RGA spec- 
trum collected with the Extrel QMS under UHV 
conditions. The spectrum is not the result of a gas 
backfill and demonstrates a signal-to-noise ratio ob- 
tained with minimal signal averaging. The absence 
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Fig. 1. High resolution mass spectrum collected with the Extrel 
C-50 QMS showing the completely resolved 160 (15.995 amu) 
and C H  4 (16.013 amu) peaks. 
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of  a flat baseline between the peaks is common in 
high resolution work and is generally described as a 
broadening of  the main peak due to ions with exces- 
sive kinetic energy [24,25]. With 160 and methane 
totally resolved, a change in either signal may now 
be unambiguously detected. 

ESD spectra from an oxidized V foil target are 
shown in Fig. 2. With the target held at ground 
potential (Fig. 2a) so that ESD O + produced at the 
surface can be detected, the observed 160 peak is 
broad and asymmetric, and it slopes to the low mass 
side. High resolution QMS peaks with these features 
are indicative of high energy species and are ex- 
pected as ESD ions have been shown to possess 
several eV of  kinetic energy (e.g. [4,9,15]). The 
origin of  the 160 peak is now identified by applying 
a target bias to suppress ion emission. By comparing 
the spectrum with the target at ground potential (Fig. 
2a) to the spectrum measured with the target at - 10 
V (Fig. 2b), it is seen that the biggest contribution to 
the 160 signal in Fig. 2a is ESD O +. The QMS 
ionizer was on while both spectra were recorded. 
Similar results were obtained with the QMS ionizer 
off. 

The source of  the remaining neutral 160 signal 
may now be investigated using the appearance poten- 
tial technique. With the electron impact ionizer oper- 
ating at a standard energy (70 eV), CO and CO 2 are 
likely candidates for 160 interference, as these two 
species are generally the most abundant oxygen-con- 

>. ESD 0 + 
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Fig. 2. ESD spectra from oxidized V demonstrating the effect of 
target bias. (a) Target bias = 0 V. (b) Target bias = - 10 V. 

¢4 
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Fig. 3. Appearance potential analysis of the 160 neutral fraction. 
(a) Electron impact energy = 70 eV. (b) Electron impact energy = 
23 eV. The disappearance of the ~60 peak in (b) establishes its 
origin as CO. 

taining gases in the residual atmosphere of  a well- 
baked UHV chamber. As the impact energy is low- 
ered, the large difference between the ionization 
potential of  atomic oxygen (~- 13.6 eV), and the O + 
appearance potential for either CO or CO 2 ( =  23.6 
and 19.5 eV respectively) [26] enables the 160 source 
to be identified. By comparing the spectra in Fig. 3 
(also from a V foil target), it is seen that the neutral 
i60 signal that persists after ESD ion emission has 
been suppressed is produced from the electron im-  
pact induced fragmentation of  CO in the ionizer; it is 
not ESD O + from the target. 

A further contribution to the mass 16 signal may 
originate in the electron impact ionizer. Depending 
on the history of  the QMS and the vacuum chamber, 
the impact of  low energy electrons upon the walls of  
the ionizer or nearby surfaces can stimulate desorp- 
tion of  O +, F +, C1 +, or other ions [27]. The signifi- 
cance of  this interference is that these ions are 
generated at the ionizer and not the sample. There- 
fore, application of  a bias voltage to the sample 
support or to an ion repelling grid positioned be- 
tween the sample and the detector will not suppress 
this ion emission. In cases where the desired signal is 
much larger than the background this unavoidable 
ionizer ESD process is insignificant. However, for 
detection of ESD O atoms or other experiments 
characterized by a small signal on a larger back- 
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ground, this interference must be carefully ad- 
dressed. 

This type of ionizer interference was commonly 
observed in the last step of a typical experiment. In 
general, the experiments were conducted as follows: 
first, the QMS was tuned to resolve 160 from C H  4. 

Next, a sample bias or ion repelling potential was 
established to suppress the ESD O + signal. The 
electron impact energy was then adjusted to discrim- 
inate between ESD O atoms and 160 fragments from 
oxygen containing background gases. With ESD ions 

1 6  • - and background gas sources of O ehmmated from 
the spectrum, the remaining 160 signal was generally 
reduced below one count per mass scan. At that 
point the spectrum was summed for hundreds (or 
thousands) of scans. Control experiments (gun on -  
gun of f . . .  ) proved that what little signal was col- 
lected could not be attributed to the ESD of atomic 
oxygen. 

While the only measurable contributions to appar- 
ent neutral 160 peaks were CO fragmentation and 
O-- produced in the ionizer, all of the preparation 
methods listed in Table 1 were found to produce 
ESD O-.  Fig. 2, discussed above, shows ESD ions 
from an oxidized V foil. ESD 160+ and 180+, 
desorbed from an 1802 treated V205 pellet (ionizer 
off, target at ground potential), are seen in Fig. 4. 
Even the untreated V205 pellet was found to produce 
ESD 0 %  Several target preparation methods which 
include high temperature steps were employed (Ta- 
ble 1, entries 2 and 3) to determine whether water or 
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Fig. 4. ESD ion spectrum from a V205 pellet pretreated with 
180~ ' 

other contamination could be responsible for the 
absence of an ESD O atom signal. The result was 
that the high temperature methods significantly mini- 
mized sample outgassing, but no ESD O atom signal 
was ever detected. 

It is worth noting that although Table 1 lists only 
five entries, significantly more than five experiments 
were conducted which involved subtle changes in the 
preparation method (e,g. variations in preparation 
time, temperature or pressure). Likewise, the experi- 
ments were repeated using multiple measurement 
strategies including the use of different electron 
sources, irradiation of the target at different target 
temperatures, and changes in the method of ion 
rejection. 

At this point, the ESD experiment is considered 
step by step, from the target surface to the desorption 
process to the detection method, to answer the ques- 
tion that follows naturally: Why was ESD atomic 
oxygen never detected? The first issue is that of 
target surface preparation. In general, surface cleanli- 
ness was considered to be a prerequisite to surface 
investigations and the state of cleanliness has nearly 
always been reported in the literature. However, in 
the case of stimulated desorption, there appears to be 
no reason, a priori, to expect that any of the surfaces 
investigated in this study should preferentially pro- 
duce ionic species over neutrals. Accordingly, no 
effort was made to prepare scrupulously clean ox- 
ides. Rather the samples were prepared by which 
ever process was found to produce large ESD O + 
signals because the available information indicated 
that large ESD O + desorption yields are accompa- 
nied by larger ESD O atom desorption yields 
[4,14,15]. Nonetheless, surface cleanliness was moni- 
tored with XPS. Coincidently, the preparation meth- 
ods used most often, sintering and flame oxidation, 
resulted in clean target surfaces. Comparison of the 
surfaces before and after preparation showed an ob- 
vious sharpening of the V and O features, a domina- 
tion of the spectrum by the O(ls) and V(2p) peaks, 
and up to a ten-fold decrease in the surface C signal. 
Thus it does not appear that surface contamination 
explains the absence of atomic oxygen. 

Another possible reason atomic oxygen was not 
detected could be that all desorbed O atoms were 
subsequently ionized in the ESD beam and detected 
as O +. The fraction of ESD O atoms converted to 
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O + through electron impact ionization in the ESD 
electron beam can be calculated from 

qbo+ L 
= ~ ) e - -  O'i, ( 1 )  

~b O 130 

where qbo+ is the O + flux produced through the 
electron impact ionization of O atoms, qb o is the 
flux of ESD O atoms desorbed from the target, @~ is 
the electron beam flux at the target, L is the length 
of the ionization region, v o is the O atom velocity, 
and cr i is the electron impact ionization cross-sec- 
tion. As written in Eq. (1), it is seen that the ratio, 
qbo+/@ o, is dependent only on the electron beam 
flux, the ionization cross-section, and the O atom- 
electron beam interaction time, L / v  o. q)e is deter- 
mined to be 2.07 X 1016 c m  - 2  s - 1  from the electron 
beam current ( =  100 /xA) and spot size ( =  0.03 
cm2). v o is taken to be 7.7 X 105 cm s-1 based on 
reports of - 5 eV O + desorbates [4,9,15]. L and o- i, 
are determined from the experimental geometry and 
electron beam energy [28]. o- i is = 8 X 10 -17  c m  2 

and L is 0.14 cm. The calculated fraction of ESD O 
atoms converted to ESD O + through electron impact 
ionization in the ESD electron beam is 3 X 10 -7. 
Thus for the conditions typical of these experiments, 
the absence of detectable atomic oxygen cannot be 
due to ionization by the ESD electron beam. 

Another question related to desorption, is the 
possibility that stimulated desorbates leave the sur- 
face molecularly, either as O 2 or another oxygen- 
containing molecule. That issue is best addressed 
with a mass balance type of experiment in which the 
extent of surface oxygen depletion is compared to 
the measured ESD O + yield. This is discussed in 
Section 3.2 below. It is noted, however, that during 
these experiments, ESD 02 was never observed in 
accord with previous work on V205 [8]. 

The discussion now turns to the neutral detection 
sensitivity of the HRQMS. The HRQMS detection 
limit is calculated from a statistical analysis of the 
noise in baseline or 'blank' measurements following 
the convention adopted by the International Union of 
Pure and Applied Chemistry [29]. Specifically, a set 
of blank measurements was made under conditions 
that emulate the experiment in all manner except for 
the presence of  the analyte. The limiting signal was 
then specified as the sum of the baseline average 

Table 2 
ESD results from three targets: included are the O + desorption 
rate from the target (yield), the corresponding O + flux (@), and 
the calculated neutral to ion ratio 

Target O + yield ~QMS,O + O / O  + ratio 
(counts/s)  (O + cm -2  s -1)  

Oxidized V foil 9.0 X 104 2.7 X 107 54 
18 0 2 / V 2 0 5  8.3 X 104 2.5 X 107 58 
V205 pellet 3.0X 104 9.1X 106 160 

plus an integral number (k) of standard deviations. 
In the present calculation, k = 3 is used, to place the 
result within the 99.9% confidence limit. The limit- 
ing signal is then converted to the limiting concentra- 
tion using the instrument response calibration curve. 
The result is a threshold density of 1.88 × 103 neu- 
trals per cm 3. Based on reports of = 5 eV ESD O + 
desorbates [4,9,15], the limiting density is expressed 
as 1.45 X 109 c m  - 2  s - 1 ,  the flux of 5 eV ESD O 
atoms required to generate the limiting density. 

Given that ESD O atoms were not detected in this 
investigation, an upper limit of the ESD neutral to 
ion desorption ratio may be calculated by comparing 
the neutral detection threshold to the measured ESD 
O + yield. From Table 2, the ESD O + yield mea- 
sured from oxidized V foil with the QMS ionizer off 
was 9.0 X 10 4 s - 1 .  This count rate is converted to 
the corresponding flux by including the quadrupole 
transmission factor and the aperture size. The result 
is an ESD O + flux at the QMS of 2.7 x 107 cm -2 
s -1 The resulting ratio of the neutral detection 
threshold to the measured ESD O-- flux is ---54. 
That is, from the calculated neutral detection sensi- 
tivity of the HRQMS for 5 eV ESD O atoms, the 
maximum number of ESD O atoms that could have 
been produced per ESD O + produced (from V foil) 
is roughly 50. The upper limit of the flux ratio from 
the other targets (Table 2) has been calculated in the 
same manner. It should be emphasized that the re- 
suits shown in Table 2 are not intended as a compar- 
ison of the relative desorbate yields from different V 
oxides. Survey work requires that all experimental 
parameters, with the exception of preparation method, 
be reproduced exactly from experiment to experi- 
ment. The intention in this investigation was to 
produce neutral desorbates. Thus based on the avail- 
able information which suggested that the neutral 
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Fig. 5. V(2p) X-ray photoelectron spectrum showing the electron 
beam induced reduction of oxidized V. Solid curve = initial spec- 
trum. Dashed curve = spectrum after 150 min of electron irradia- 

tion. 

desorption yield followed the ionic desorption yield, 
every effort was made to maximize the ESD 0 + 
yield without strict regard to the reproduction of 
experimental conditions. As such, not all experi- 
ments were conducted at the same target temperature 
or electron beam current, etc. It  is the case, however, 
that the search for ions and neutrals from a single 
sample was carried out under the same conditions. 

3.2. ESD induced substrate changes: XPS 

The experimentsdescribed thus far, have been 
limited,to the detection and analysis o f  the products 
of the ESD process. Alternatively, the identity of the 
desorbing species may be inferred by monitoring the 
surface as it undergoes ESD induced change. In this 
section, XPS measurements of the electron beam 
induced surface modifications are presented. 

Fig. 5 shows the changes in the V(2p) peaks 
resulting from the electron irradiation described in 
Section '2.2. Since the sample was shuttled from the 
XPS chamber to the SIMS chamber and back, and it 
may not have been returned to a position where the 
same location on the surface was analyzed by XPS, 
changes in the magnitude of the V peaks before 
(solid line) and after (dashed line) irradiation are not 
of importance here. Rather the quantity of interest is 
the change in the O / V  peak ratios before and after 
irradiation. Following 2.5 h of irradiation this ratio 

was found to decrease by -~ 10%. (This change in 
ratios is not easily recognized by the eye and there- 
fore the O peak has not been shown. The peak areas 
were determined through an integrating feature of 
the XPS software.) 

The relationship between the number of oxygen 
species removed from the ESD target and the mea- 
sured changes in the XPS signal may be calculated 
from 

D = Cnk, (2) 

where D is the number of oxygen atoms depleted 
from the target per unit area, C is the O atom 
concentration before irradiation, per unit area per 
atomic layer, n is the number of atomic layers 
probed, and k is the fractional change in the XPS O 
signal. It should be noted that D represents the total 
number of oxygen species removed (per unit area) in 
any form. 

If it is assumed that the target surface began as 
stoichiometric V20 ~ prior to irradiation, then from 
the unit cell dimensions it may be seen that there are 
1.22 X 1015 O atoms cm -2 with 4.37 A between 
layers. The number of layers probed during the XPS 
experiment is related to the inelastic mean free path 
of the photoelectron, A, which may be read from 
plots of the 'universal curve' [30]. The result is that 
the O(ls) signal is produced primarily in the top two 
atomic layers. Since the XPS signal decreased by 
10%, the effect of 2.5 h of irradiation upon the 
oxidized V target, was the loss of 2.44 X 1014 O 
species per c m  2. 

The measured oxygen depletion can be converted 
to an upper bound of the ESD O / O  + ratio. The ESD 
O + count rate at the start of the experiment is 
typically 3.0 × 104 s-1. Generally, in ESD experi- 
ments using a focused electron beam, the signal 
decay is seen to follow a time-1/2 dependence for a 
continuous electron source [11]. The ESD signal 
corrected for the quadrupole transmission, solid an- 
gle factor, and electron beam spot size, corresponds 
to an initial flux of -~ 3.3X 10 t° E S D O  + c m  -2  

s- t .  Integrating over the irradiation period results in 
a total ESD O + loss of 6.4 X 1013 c m  -2 .  If it is now 
assumed that all unaccounted oxygen loss, as mea- 
sured by the XPS, is attributable to O atom desorp- 
tion, then the upper limit of the.ESD O / O  + ratio is 
~ 4 .  
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4. Conclusion References 

The ESD O / O  + ratio from V20 5 and oxidized V 
foil has been investigated with HRQMS and XPS to 
determine whether the ESD process necessarily lib- 
erates many neutral particles for every ionic particle, 
as is commonly accepted in the DIET field [10,31]. 
ESD neutral to ion ratios have been reported previ- 
ously, however, the ratios were generally determined 
through investigations which relied upon indirect 
detection methods, a n d / o r  were limited to either 
substrate analysis or desorbate analysis. In the pre- 
sent study both direct and indirect methods were 
used and both ion and neutral yields were probed. 
Nonetheless, despite an extensive exploration of 
sample preparation methods and measurement varia- 
tions, ESD O atoms were never detected despite the 
fact that ESD O + was detected from every sample. 
Accordingly, these findings are presented as an up- 
per bound of the ESD O / O  + ratio as determined 
from the neutral detection limit of the instrumental 
method used. From the QMS studies on oxidized V 
and aSo2 /v2os ,  the ESD O / O  + ratio was deter- 
mined to be = 50. The XPS results, from oxidized 
V, place the ratio at less than 10. Within the wide 
range of ESD ratios reported from gas dosed metal 
systems [14,15], the results of both the QMS and 
XPS studies consistently fall at the lower end. This is 
true even for the ESD O / O  + ratio of 160 from V20 s 
(Table 2). Furthermore, despite the possible short- 
comings of the indirect detection methods discussed 
above, these results are consistent with those studies, 
particularly the ESD O / O  + ratios of 49 and 55 from 
O 2 / M o  [4] and ESD O / O  + ratios of 10-20  from 

O 2 / W  [15,161. 
It should be stressed that these values are u p p e r  

l imits .  Thus despite the agreement between these 
results and the referenced results, it should be recog- 
nized from this study that the ESD O / O  + ratio can 
be no larger than = 50 and may be much smaller. 
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