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Electron irradiation effects on oxidized Nb foil 
and NbO 
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Auger electron spectroscopy was used to study electron irradiation damage on niobium 
oxide. With the co-existence of O-2p and Nb-4d states in the valence band, the splitting of 
the MNN-type Auger transition peaks has been observed on Nb205 and oxidized Nb foil 
specimens. The results show that the surface of an electron-bombarded specimen becomes 
enriched with niobium due to irradiation-induced dissociation of the oxide and sub- 
sequent loss of oxygen. Supporting results obtained from electron stimulated desorption 
measurements, specimen coloration changes and layer-by-layer calculation of Auger 
intensity from an altered overlayer are also presented. 

1. Introduction 
The study of a solid surface subjected to photon-, 
neutron-, ion- or electron-bombardment can be 
divided into two parts: (I)  investigation of the 
various properties of a beam-irradiated substrate. 
It has been found in many cases that certain sub- 
strate properties such as structure, conductivity, 
etc. are sensitive to beam exposure under particular 
conditions. (2) Studying the gases, ions and/or 
electrons released from the specimen surface. 
Valuable information, such as the identity of 
adsorbed species, the chemical bonding state of 
adsorbed species on the substrate, etc. can be 
deduced. This topic is not only interesting theor- 
etically but also has important practical appli- 
cations, for example, in catalysis and the so-called 
first-wall problem in controlled thermonuclear 
reactors (CTR). In the latter case, the reactor wall 
will be subjected to a wide range of beam irradi- 
ations. Two of the major problems are related to 
the immediate surface: (1) wall surface radiation 
damage; (2) plasma contamination. The former is 
due to beam irradiation decomposition and 
etching which results in a change in the surface 
structure and a possible reduction in the mechan- 
ical strength of the wall material. The latter is a 
result of releasing gaseous impurities from irradiated 
components which could lead to serious plasma 

contamination. Niobium is one of the potential 
wall materials being considered for future CTR 
application. It would, therefore, be useful to 
study the radiation damage effect on niobium, 
particularly on "practical" specimens. The pent- 
oxide is known to be formed on high purity 
niobium surface at relatively high oxygen pres- 
sure and moderate temperature [1, 2]. Therefore, 
the study of beam effects on Nb20s was included 
in this study. The effect of photon irradiation on 
oxidized niobium foil [3] and ion bombardment 
on Nb2Os [4] have been reported. This paper 
presents a study of niobium oxide subjected to 
electron-beam irradiation using Auger electron 
spectroscopy (AES). It is known that a change of 
chemical environment can result in core level 
energy shifts and variation in valence-band density 
of states. This, in turn, can lead to different 
energies and shapes of Auger peaks. Therefore, 
from the change of Auger spectra under extended 
electron-bombardment, one is able to examine the 
beam effect on the specimen. The results obtained 
from electron stimulated desorption (ESD)study 
and a layer-by-layer calculation of contributions 
to the total Auger intensity from an altered over- 
layer are also presented to support the results 
observed in the AES study. 
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2. Experimental details 
A Varian Auger system equipped with a cylindrical 
mirror analyser (CMA) with resolution better than 
1% and Northern NS-570A digital signal analyser 
was used in this study. The measurements were 
carried out in an ambient pressure of  10 -9 Torr 
and normal primary electron beam incidence was 
used in all measurements. Most measurements 
were done with beam energy at 3keV, beam 
current density at 10mAcro-2 ,  and modulation 
voltage at 3 V (peak-to-peak). The powder sample 
was prepared by pressing certified high purity 
(99.9%+,  Ventron) Nb2Os powder between 
indium foils (Material Research Corporation 
Martz grade). The niobium foil sample (Ventron 
m4N grade) was previously used in other experi- 
ments where the sample was repeatedly heated in 
10 -3 Tort of  oxygen at less than 500 K. The exact 
composition of  the oxide layer was not known. 
However, it was believed that the oxide layer 
consisted mainly of  Nb205 with possibly small 
amounts of  NbO2 and NbO (at least for the outer 
several layers) as judged from the specimen prep- 
aration and its Auger spectrum. The foil specimen 

was also found to be contaminated with S, C1, C 
and N. The ESD measurements were done in a 
separate system with primary beam energy at 
1 keV and incident beam current in the order of  
/iA cm -2 . Only the foil specimen was used in the 
ESD measurement. 

3. Results and discussion 
3.1.  Chemica l  sh i f t  
The most striking difference in the Auger MNN 
spectra of  Nb2Os and oxidized Nb foil from the 
corresponding standard spectrum of  elemental 
niobium [5] was that the transition peaks in- 
volving valence electrons appear to be doublets. To 
be specific, they were M4,sN1V, M4,sN2,aV and 
M4,sVV peaks (peaks f, g, and i in Fig. 1)and the 
separation of  each doublet was 6, 4 and 6eV 
respectively. Since the low-energy peak in each 
doublet existed only in the oxide state, one might 
name them as "oxide" peaks fa, ga and i l ) t o  
distinguish them from their doublet counterpart 
"metal" peaks (peaks f2, g2 and i2). "Metal" is 
used here to denote the peaks which grew as the 
reduction of  the oxide proceeded, since the 
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Figure 1 Variations of Nb Auger MNN spectra with beam exposure time. (a) Nb20s powder, beam voltage Ep = 2 keV, 
beam current = 15/~A, lock-in amplifier sensitivity SEN = 0.1 mV, time constant TC = 30 msec, modulation voltage 
MD = 5 V (peak to peak), sweep rate SR = 4 V sec -1 . (b) oxidized Nb foil, the settings were the same as (a) except 
MD = 3V and SR = 5 V sec -~ . 
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reduction of the oxidation state usually caused the 
specimen to show more metal-like properties. The 
published X-ray photoelectron spectroscopy (XPS) 
measured values in the chemical shift due to 
oxidation ranged from 4.1 to 5.2 eV for the M 4 

level and 5 to 5.7eV for the Ms level [6 -10] .  
The chemical shift observed in AES was a resultant 
shift of the three levels involved in a particular 
transition. The chemical shift for each sublevel of 
the level N was not reported in the above pub- 
lished XPS measurements. It was, therefore, 
difficult to make a direct comparison of the pub- 
lished XPS results with the AES results obtained 
in this study. The chemical shift observed on other 
MNN-type transition peaks, namely M4,sN1N], 
M4,sNIN2, 3 and M4,sN2,3N2, 3 (peaks a, b and e) 
was less than 1 eV. This suggested that the rela- 
tively large chemical shift observed on the valence 
peaks was mainly due to the different density of 
states in the valence band between oxide and clean 
metal. It was possible to have "oxide" peaks in the 
oxide spectrum because of the cross-transition 
between niobium and oxygen in the oxide. The 
appearance of a doublet was a reflection of two 
distinct states in the valence band although other 
valence states might exist. 

The binding energy difference between the 
O-L2,3 level and Nb-N4,s level was about 4eV 
[11 ]. It accounted for the chemical shift observed 
in the valence spectrum when one took into 
account the accuracy of using the relatively broad 
Auger peaks to determine the chemical shift. A 
larger shift was expected at the M4,s VV transition 
peak since the valence-band density of states was 
counted twice in determining the total Auger 
transition probability. For the M4,sN1V tran- 
sition, oxidation results in a splitting of the 
Nb 142eV peak into a doublet pair at 140 and 
146eV in the Nb2Os spectrum. A larger shift of 
the M4,sN1V transition peak, AE~, as compared 
to the shift of the M4,sN2,3V transition peak, 
2~Eg, was also expected. Since the bonding energy 
change due to oxidation of the N1 level, AN1, is 
slightly smaller than the corresponding bonding 
energy change of the N2.3 levels, there- 
fore zXEf --&Eg --~ zZ/V2,3 -- Zk/V~ > 0. The existence 
of "metal" peaks in the initial Nb2Os spectrum 
was probably due to the instant reduction of some 
surface Nb s+ upon electron beam exposure which 
would be discussed in the Section 3.2. In the case 
of oxidized Nb foil, the observation of M4,sNIV 
was obscured by the presence of a large sulphur 

impurity peak. The shifts for M4, sN2,3V and 
M4,sVV peaks were the same as in Nb20  s . 

3.2. Beam i r r a d i a t i o n  e f fec ts  

By exposing the specimen to the electron beam, 
the "metal" peak in each doublet grew at the 
expense of its "oxide" counterpart (Fig. 2). In 
the meantime, the Auger peak to peak height 
(APPH) of the oxygen KLL transition peaks 
reduces correspondingly, but no noticeable oxygen 
peak shifting was observed under beam exposure 
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Figure 2 Changes in the three Nb20 s valence doublet peaks 
with time of electron bombardment, 

20k ,  OXYGEN KLL GROUP 

< 14 

I# 4 
21 
0 

~ _  ./KLjLz,~ 

KLILI-... 

10 50 50 70 90 
BEAM IRRADIATION TIME (MIN) 

Figure 3 Oxygen KLL peak height variations in Nb20 s 
with time of electron bombardment. 
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Figure 4 Colour change in the Nb 2 O, powder surface with electron bombardment. (a) The circular dark area has been 
irradiated with 2 keV electrons of I mAcm -~ for I h. (b) Visible beam irradiation spots and beam tracks (within circle) 
produced after AES measurements. 

(Fig. 3). The "metal" peak of M4,sN2,3V and 
M4,sgg  doublets stayed at a fixed position;while 
the "metal" peak of M4,sNaV doublet shifted 
from 146 to 142eV (the position of M4,sNIV 
peak in the elemental Nb spectrum) during the 
electron irradiation process as indicated by a 
dotted line in Fig. la. The origin of this move- 
ment might have resulted from a significant 
peak shape change of the adjacent large 
M4,s N2, 3V peak and its plasmon loss peak during 
the oxide reduction process. The change of valence 
spectrum reflected a variation of valence band 
density of states. The near-metallic character of 
the surface of the electron-bombarded specimen 
could be determined from several features in the 
final Auger spectrum. (1) The position of niobium 
Auger peaks matched very well with the published 
standard spectrum of clean niobium [5]. (2) 
Several distinct plasmon energy loss peaks ap- 
peared at 110, 120eV (peaks c, d, in Fig. 1) com- 
pared to the spectra of Nb2Os and oxidized Nb" 
foil. This was expected since the valence electrons 
in higher oxide states were more tightly bound 
than those in lower oxide and elemental metal 
states. Thus, they allowed fewer plasmon exci- 
tation losses. (3) A reduction of relative APPH 
ratio of oxygen to niobium. In order to obtain 
the correct relative concentration between oxygen 
and niobium, the APPH ratio must be multiplied 
by the relative elemental Auger sensitivity factor 
S between these two elements [5]. 

*1A ~- 10-4 ~m. 
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Co ~ APPHo SNb 

CNb APPHNb So 

A more accurate method to estimate the relative 
concentration of each element will be discussed 
in Section 3.4. (4) Under the extended electron- 
bombardment, the variation of chemical environ- 
ment for niobium atoms within its Auger escape 
depth (~  7 A)* was greatly reduced. This resulted 
in an appearance of sharp Nb peaks in the final 
Auger spectrum. These observations clearly 
suggested an occurrence of beam induced dis- 
sociation and reduction of oxide effects. As a 
result, the specimen surface within the beam- 
exposed region was enriched with niobium. Murti 
and Kelly [3] have observed a reduction of 
Nb2Os after bombarding the specimen with 
35 keV Kr § As a result, the sheet conductivity was 
found to increase by several orders of magnitude. 
The above-mentioned metal-like features in the 
final Auger spectrum seemed to indicate a similar 
conductivity enhancement could be observed on 
an electron-bombarded niobium oxide specimen. 

The beam effects on niobium oxide was signifi- 
cant during the first 20min of electron- 
bombardment with beam current density above 
1 mAcm -2 . After that, the rate slowed down; and 
there was no significant variation of APPH ratio 
of Nb to O. Besides the exposure time, an impor- 
tant factor determining the beam effects was the 
incident-beam current density. The beam effects 



dependence on the current density was observed 
in a range up to 200 mA cm -2 . The reduction rate 

dependence was nearly linear in the range below 
130 m cm -2 but increased dramatically after that. 
The effect was found to be less dependent  on 

beam energy in the range of  1 to 3 keV. 
No significant change in the carbon peak height 

was observed in the slightly carbon contaminated 
Nb20s  powder  specimen under extended electron 
bombardment .  The carbon peak shape remained 
graphite-like in form indicating that no carbide 
build-up occurred under beam irradiation. Again, 
no carbide formation was observed on the foil 
specimen even though it showed a large amount  
o f  carbon contamination.  However, it seemed that 
the existence of  carbon impurity on oxidized foil 
specimen tended to reduce the oxide reduction 
rate as compared to the Nb20s  powder specimen 
under the same dose of  beam irradiation. 

The beam irradiated region on the surface of  
both  types of specimens could be easily recognized 
by a colour change (Fig. 4). This gave a further 
evidence of  beam effect on the sample's surface 
composit ion as the white colour of  Nb2Os de- 
creased and the dark colour of  metallic and lower 
oxide (mostly NbO) mixture increased. The 
sensitivity of  reduction of  Nb20s  upon electron- 
beam exposure was also indicated by the beam 
track left on the specimen almost instantly as one 
moved the beam from one point to another 
(Fig. 4b). Moreover, the specimens retained their 
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dark colours after several months of  exposure to 

air at room temperature.  This irreversible colour 
change seemed to indicate that the altered layer 

was more than 100 A thick. 

3.3. ESD measurement 
The AES observation of  dissociation and reduction 
of  surface oxide was further supported by ESD 
measurements. The ESD O + signal was found to 
increase steadily in the early stages of  electron 
bombardment  as shown in Fig. 5a. (Note that the 
beam current density used in ESD measurement 
was 3 to 5 orders of  magnitude less than applied 
in AES analysis.) Fig. 5b shows that the O + signal 
dominates the ult imate ESD spectrum after several 
hours of  electron bombardment .  (A slight increase 
of  H + and OH + signal was due mainly to the 
desorption of  adsorbed H20  and H=, since they 
were the main residual gases in the ESD measure- 
ment system.) The O + signal strength was an 
indirect indication of  the surface concentration of  
oxygen species since the contr ibut ion to the O + 
signal from other species such as CO is small. The 
consecutive beam irradiation decomposit ion 

process Nb2Os -~ NbOx-+ NbO or Nb lead to the 
creation of  some weakly bound oxygen available 
for subsequent desorption. This accounted for 
the increase of  the O + signal in the earlier stages 
of  electron bombardment  and" its domination in 
the final ESD spectrum. The mechanism of  these 
beam effects was primarily through a direct 
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Figure 5 ESD measurement on oxidized Nb foil. Beam energy = 1 keV and beam current density - 4 ~A cm-2. (a) 
Change of ESD O + signal with time of electron bombardment. (b) ESD spectra, dotted line, initial state, solid line, after 
5 h electron-bombardment. 
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incident beam excitation with a small percentage 
possibly through indirect thermal excitation. 

3.4.  Calculation of  Auger  in tens i ty  
Each atomic plane's contribution to the total 
Auger intensity can be calculated by a layer-by- 
layer model proposed by Dobson and Regan [12]. 
The total measured Auger intensity due to the 
emission of a X Y Z  transition Auger electron from 
element i can be approximated as: 

I 
l i ( E )  xyz  = K n ' i ( E ) [ x , z  X 

i 

P oxp { 
rt=l ' - )kilOS ~ J (1) 

(for a CMA analyser and 0 = 42.5 ~ 
where 

K n , i ( E ) t x y  z = 1 j n ( E  ) Oi,x(E) pn,ilxy z sin 0 

i n ( E )  = the incident beam flux (of 
energy E)  at the nth layer, 

oi,~:(E) = the ionization cross-section 
for the core level x in element 
i by electrons with energy E, 

Pn i xyz  = the probability that an 
excited element i on the n th  
layer will emit an x y z  tran- 
sition Auger electron, 

An,  i = the layer density of the ele- 
ment i on the nth layer, 

n - 0.5 = the correction factor used to 
account for the absorption 
by emitting atomic layer n, 

d = the interlayer spacing, 
X i = the mean free path for an 

Auger electron from ele- 
ment i, 

[ (n-0s_)d] = 
exp Xi cos 0 J 

the escape probability for an 
Auger electron originating 
from the nth layer and direc- 
ted along a path making an 
angle 0 to the surface normal, 

and K I d ( E  ) "" K2, i(E)  "~ . . . Klo, i (E) .  

By comparing the measured APPH ratio of oxygen 
to niobium with that calculated for different over- 
layer structures, the possible overlayer structure of 
a specimen can be obtained. 

[o / INb APPHo/APPHNb 

I o / I ~ b  APPHo/APPH~b (2) 
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where prime denotes the corresponding values in 
the altered state. 

For simplicity, one can assume that an atomic- 
ally flat specimen has a uniform layer density of 
Nb and O and constant interlayer spacing (3 A) 
throughout the overlayer of Nb2Os. The mean 
free paths for Nb (168eV) and O (512eV) Auger 
electrons were assumed to be 7 and 10A respect- 
ively. The colour change indicated that the elec- 
tron beam irradiation effects the surface compo- 
sition into deeper layers than the AES probe 
range (less 20A). For the purpose of Auger 
intensity calculation, we can still confine the 
calculation to the outer 10 layers. Again for 
simplicity, uniform layer density of Nb and O 
and constant interlayer spacing for the altered 
overlayer was assumed. The calculated result 
showed that the altered overlayer which consisted 
of 50% niobium was formed on the powder speci- 
men upon extended electron bombardment. In 
the oxidized niobium foil case, the exact compo- 
sition of oxide layer is not certain; therefore, two 
different compositions were assumed in the calcu- 
lation. One was Nb20s and the other was assumed 
to be 60% Nb2Os, 20% NbO2 with 20% NbO. The 
results showed that the altered layer of an oxi- 
dized Nb foil specimen for the above two different 
compositions was found to be enriched with 40 
and 53% of Nb, respectively, due to beam irradi- 
ation. Therefore, the calculated results indicated 
a reduction of oxide in both cases. The degree of 
composition alteration was not expected to be 
uniform throughout the altered overlayer. The 
change was greater for the outermost several layers 
where direct beam irradiation induced decompo- 
sition and preferential removal of oxygen played 
an important role. The change in deeper layers 
was probably due mainly to irradiation-enhanced 
diffusion. Therefore, the actual concentration 
percentage for niobium may be higher in the 
outermost several layers. 

The observations outlined above clearly showed 
that the electron beam can greatly alter the com- 
position of niobium oxide under particular con- 
ditions. Therefore, some precaution must be taken 
when studying niobium oxide compounds using a 
combination of AES and simultaneous ion-beam 
sputter etching technique, since the sputter-etch 
rate can increase within the electron-beam illumi- 
nated area. The enhancement of the sputter-etch 
rate could clearly be of concern in the CTR project 
if niobium is adopted as first wall material. In 



addition, the process would effect plasma con- 

tamination due to the preferential removal of 

oxygen under continuous charged particle impact. 

4. Conclusions 
The Auger spectra of both oxidized Nb foil and 

Nb2Os specimens showed a peak splitting feature 
with a MNN-type Auger transition involving valence 
electrons, as compared to the corresponding 

spectrum of clean niobium. The doublet valence 
peaks were a reflection of contribution of Nb-4d 

and O-2p states in the valence band of niobium 

oxide. The spectrum of an extended electron- 
bombarded specimen showed a reduction of both 

surface Nb s+ and oxygen concentration, tn ad- 

dition, the beam irradiation induced decompo- 

sition of oxide and loss of oxygen were further 

supported by the colour change in the beam 

irradiated region, ESD measurements and a layer- 

by-layer calculation of the contribution to total 

Auger intensity from each atomic plane of an 
altered overlayer. 
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