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ABSTRACT

Electron bombardment can produce surface modifications of the
analysed sample. The electron beam effects on solid surfaces which have
been discussed in the published literature can be classified into the
following four categories : (1) heating and its consequent effects,

(2) charge accumulation in insulators and its consequent effects,

(3) electron stimulated adsorption (ESA), and (4) electron stimulated
desorption and/or decomposition (ESD). In order to understand the physico-
chemical processes which take place under electron irradiation in an

Al-0 system, we have carried out experiments in which, effects, such as
heating, charging and gas contamination, were absent. Our results point
out the role of an enhanced surface diffusion of oxygen during electron
bombardment of an Al (1l1]) sample. The importance of this phenomenon

and the contribution of near-elastic scattering of the primary electrons
(5 keV) to the increase of the oxidation degree observed on Al (111) are

discussed, compared to the generally studied effects.



o

i1

3
'3

1
J

| saomene®] - ’

ChERRIELE L

Y I
A VI A VIV
Introduction

The basic principle of Auger electron spectrometers is the
electron-electron interaction. Auger spectrometers commonly use primary
electron beam with energies ranging from one to a few tens of keV and
currents between 10‘9 A and 10-5 A. Most of them are built to provide
surface analysis at high spatial resolution and therefore use highly
focused electron beams (@ < 1000 X).

Electron-electron interactions can cause changes of the bombar-
ded sample. The nature of these changes essentially depends on working
conditions such as primary energy, composition and pressure of the
residual vacuum, and sample factors like physical properties, chemical
composition‘and morphology. The magnitude of these changes is directly
dependent on the dose (Coulomb cm~2) admitted in the bombarded area.

The dose is defined as the product of Ip (primary current) and t (bom~

bardment time) per surface unit, High spatial resolution Auger electron
spectroscopy leads to the use of high current densities and doses and,

hence, makes essential to take into account electron beam damage.

Over the last two decades, electron beam efferts in Auger
electron spectroscopy (AES) and scanning Auger microscopy (SAM) have been
the aim of a considerable literature.

Nevertheless, there is not, to date, any systematic study

of the effects because of the great number of factors on which they

depend.



However, the study of the available literature dealing with
this subject gives informations about the different possible kinds of
beam effects which can occur in A.E.S. and S.A.M..

The first part of this paper is a brief review of the most
studied effects. In AES, they may originate from several different proc-
cesses.

(i) heating of the bombarded area : according to the primary
energy, heating is limited to th: surface or is spread into the bulk
of th; sample. Annealing, enhanced segregation and/or diffusion, chemi-
cal reaction =tc can take place in the heated volume,

(1i) charge accumulacion in non conductors : this phenomenon
may give rise to field enhanced diffusion of ionic species.

(iii) electron enhanced adsorption and/or reaction (ESA) :
electronic excitations of adsorbed molecules or atoms may originate
excited species which reactivity towards the surface is greater than
those of initially adsorbed species.

(iv) electron enhanced desorption and/or decomposition (ESD)
electronic excitations of surface atoms or molecules can lead to disso-
ciation and desorption of neutral and ionic species. The spreading of
this phenomenon to bulk atoms can give rise to the decomposition of the
bombarded sample.

The investigator must be acquainted with all these mechanisms,
Nevertheless he must be aware that each beam effect he will experiment,

is a peculiar onme and hence, needs a special study.




In the second part, we report a study of the electron beam (5 keV)

effects observed on Al after oxygen exposure (1000 L). The choice
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of proper experimental set-ups and parameters permits us to avoid or
to reduce some of the above mentionned effects. The effects were
observed with AES and secondary electron image (SEI). Experiments were

performed both on a (111) textured polycristalline surface and on a

(100) single crystal surface, in order to ckeck the influence of the
sample structure upon the observed phenomena. We used a low current
density (9 x 10°° A.cm.z) to avoid changing and heating effects.

Experiments were repeated at different vacuum levels with different
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residuél gas compositions in order to clear up the role of gaz conta-
mination and ESA. We explain the physico-chemical mechanism induced
by the electron beam by founding upon the differences observed on the
two studied surfaces. We suggest a mechanism based on the oxygen chemi-
sorption/oxidation transition and on the electron enhanced surface dif-

fusion of chemisorbed oxygen atoms.

Electron Beam Damages — General Considerations

Heating effect.

The electron energy loss mecanisms which take place in the
scattering region can produce a local heating of the sample. This effect
occurs particularly on semiconductors and insulators. Metals, with high

thermal conductivities, rarely undergo heating effect.
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Several approaches have been made to the calculation of the

1)

.

steady state temperature of surface subjected to electron bombardment

)

(l'- 5). Baker and Sexton (5) have determined the temperature in an

infinite plate (thickness L) exposed to a homogeneous electron beam

-

(diameter 2-ro). In the limit ro<<L, the maximum temperature in the spot
center is given by :

T_ P.r, M
8

where 8 is the thermal conductivity (cal/cm.s.’C) of the plate and P the

power density (Watt.cm-z).

Vine and Eimstein (1) have calculated the temperature rise AT’ in

the spot center, with a gaussian profile of the electronic density of the

beam.

s
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If the injected power W (Watt) is dissipated only on the surface
lT'o is given by :

_0,099 W
n1/2.8.al

AT'
o

(2)

where a, is the full width at half maximum of the electronic density of the
beam (cm).
If the backscattering of electrons is considered, equation (2)
. must be corrected by a factor p; characteristic of the non-backscattered

power ratio.

The temperature rise is then given by :

0,099.w (3)

AT = p.
° ﬂ1/2
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A model has been proposed by Archard (6) for the calculation
of p.

Vine and Einstein (!) have shown that equation (3) must be
corrected by a function of the ratio <;?, if one takes into account the
penetration of primary electrons. d is the beam diameter and xo, the
total range of primary electrons, can be calculated by the Thomson-
Widdington law (1). This correction is necessary only for primary
energies Ep higher than 10 keV and d below | ym. It may be generally
neglected in A.E.S..

By using the model proposed by Vine and Einstein, we have
calculated the temperature risés on Al (B = 0,567 cal/cmoc.s) and
8102 (3 = 32.[0—4 cal/cmo.C.s) with different bombardment conditions
(Fig. 1).

Roll (7, 8) and Montmitonnet and Darque-Cerctti (9) have
proposed calculations of the temperature distribution in a thin film
as a function of the film thickness, taking into account that the film
is deposited on a substrate of different thermal conductivity. These
calculations are in good agreement with results obtained on multilayer
Ni-Cu films (10) and on Au/Ag sandwich films (11) exposed to electron
beam and show that the radial heat transport in irradiated metal films
plays an important role.

The thermal damage is even more important when insulating
materials are bombarded with electron beams. Madey et al. (12) report
that insulating powders have been heated to incandescent temperatures

during Auger electron analysis.
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Yau et al. (101) have calculated the depth and radial distributions
of temperature in a silica target bombarded with a 0,5 um diameter electron
beam (Ep = 2 keV, Ip = 1 uA).

The temperature rises up to 1100°C at the surface. The depth
and radial temperature gradients are very steep. It is obvious that such
densities (> 100 A.cm-z) nust be avolded on insulating materials. Therefore,
low electron beam currents ( 10-9A) must be used to perform high spatial

AES on such materials.

Charging effects

The exarination of insulating materigls with AES is often compli-
cated by charging of the bombarded area (13-15). This effect depends on the
total secondary electron yield & of the bombarded surface. § depends on the
Primary z=nergy Zp (16,!7). Its variations are shown in Fig. 2. Adsorbed
layers aad sample temperature can also influence the value of §,

On insulating materials, it is generally advised to use very low
current density and to choose a primary energy which corresponds to a secon-—
dary electron yield close to unity.

Moreover, electron bombardment can give rise to an electron
accurulacion in the sud~surface. This effect, combined with a positive
surface Dotential can lead to the electromigration of ionized species in
the surface region. Lineweaver (18) has shown the existence of a negative
chargz iz t:re sub-surface of SiO2 bombarded with electrons.He has shown
that che negatiwve charze is located at a depth corresponding to the maxi-
mum Eiffisicn langzh ¢f incident electrons. Sasaki (19) has noted, during

XPS examinazion of Li,woi films previously bombarded with 1 keV electrons,




that photoelectrons were accelerated by a sub-surface charge which persisted
after electron bombardment.

Many workers have observed by AES the field-induced diffusion of
ions (20-26) in glasses submitted to electron bombardment. Pantano et al.
(24,25) have discussed the decay of the sodium Auger signal in soda-lime
silicate glasses. They have shown that the mechanism responsible for the
observed phenomena was field-induced migration rather than electron-stimu-
lated desorption (ESD). This result is confirmed by microprobe analysis
of glasses (27-30).

More recently, Vigouroux et al. (31) have proposed a new model
on the electrical conduction phenomena in glasses. This model, based on
the band diagroo of zlasses, should supply 2 general explanation to the char-

ging phenomena observed in electron-bombarded insulators.

Electron Stimulated Adsorption (ESA)

Since AES is a surface sensitive technique, and since the surface
of clean solids may be very reactive, it is necessary to perform the measu-—
rements in ultrahigh vacuum (UHV) systems (10-9—10-ll Torr). The sticking
coefficient of residual gasses (HZ’ H20, CO) on clean surfaces are generally
low enough to allow meaningful AES analysis with such vacuum conditions.
However, many authors (32-45) have reported on electron stimulated adsorption
(ESA) of gasses on electron bombarded surfaces. This effect is usually attri-
buted to electronic excitation and/or dissociation of molecules in the gas
phase close to the surface, or of molecules chemisorbed on the surface. It

results an increased reactivity of these excited molecules towards the

surface and an enhanced reaction, generally limited into the bombarded area.
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Different mechanisms have been proposed depending on the gas/
surface system which is studied. The most frequently proposed one is based
on electronic excitation and dissociation of adsorbed molecules leading
to stimulated reaction and/or surface and/or bulk stimulated diffusiom
(35-39).

However, the interpretation of ESA phenomena is often very complex.

Thus, the quite opposite results obtained by Coad et al. (32)
and by Joyce and Neave (33,34) on the electron stimulated adsorption of CO
on Si (111) are really surprising.

These authors have worked exactly in the same experimental condi-

tions (8i (111) 5 Ep = 2 keV, d = 107 A.cm 2, pcO = 5.107 19

Torr). The
only explanation of the opposite phenomena they observed (Coad et al. (32)
got oxygen stimulated adsorption in the bombarded area whereas Joyce and
Neave (33,34) observed carbon stimulated adsorption) is the difference of
the impurity levels of the bombarded surfaces. Coad et al. (32) have shown
that the carbon contamination increase during electron bombardment was
dependent on the initial cleanness of the surface.

The understanding of ESA mechanisms needs a thorough characteri-
zation of the surface (structure, composition, impurites), the more as very

low impurity levels can greatly influence the development of the studied

phenomenon.



2

ja
0

B

—? - ""”i i

EFREBEREERERERR)

Electron stimulated desorption (ESD)

Electron stimulated desorptiomn is a widely studied phenomenon
(46-54). When slow electrons impinge on solid surface covered with adsor-
bate layers, desorption of ions, and/or neutrals can occur. This effect
is used as a probe for investigation of adsorbate states. Unfortunately,
it can also be a disturbance in other surface analysis methods which use
electron bombardment as excitation source. Its mechanism depends on the
electronic nature of the system surface/adsorbate and is connected with
the available transitions between the different adsorbate levels.

A phenomenological model of the ESD process, based on a one-
dimensinnal classical theory, has been proposed by Redhead (49-51) and
by Menzel and Gomer (47,48). It is discribed in a simplified manner by
the potential energy diagram drawn in Fig. 3.

It has been suggested in (47-51) that ESD process is similar to
the dissociafrive ionization of free gas molecules except that in the ESD
mechanism, the ionization of adsorbed atoms or molecules can be followed
by the neutralization of the freshly formed ions in their travel away from
the surface. The latter effect is responsible for the desorption of neutral
atoms and for the possible recapture of the desorbing species by the surface
(Fig. 3). This recapture explains the fact that ESD cross-sections are 2-
3 orders of magnitude smaller than the cross—sections for the dissociative
ionization of free gas molecules (e.g., for CO on tungsten, values between

“17 4na 1072}

10 cmz,are found for different states (52)). There are other
possible mechanisms which are not considered here ; for example, direct

excitation into antibondingstates, and direct desorption as metastable or
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or excited atoms. In the case of recapture, th kinetic energy of the desor-
bing species is transferred to the surface as thermal enérgy or can be
responsible for the surface diffusion of the adsorbed species after their
recapture.

ESD of adsorbed layers must be thoroughly considered in AES
especially for weakly bound chemisorbed species for which ESD cross-sections

lie between 10—17 and 10-19 cmz. For more stwongly bound species, cross-

19 2nd 1072! cn?. The model of ESD can be

sections mostly lie between 10~
extended to the desorption of impurities from a matrix. Moore (57) and
Petermann (58) have shown that impurities can be removed by ESD with a
yield varying between lO-9 to 10_5 per incident electron. .

The decomposition under electron bombardment of ionic compounds
such as metal oxides, SiO2 and glasses, has been the aim of many investi-~
gations (13,15,18,27,28,59-70). On these materials, removal of oxygen and
reduction of the bombarded surface have been clearly displayed by AES mea-—
surements. In some of these studies (13,15,59,61) the breaking of the Si-O
bond has been explained in terms of an ESD mechanism based on the Redhead
(49~52) Menzel and Gomer (47,48) model. More recently, Knotek and Feibelman
(71,72) have proposed for ionic compounds an ESD mechanism which originates
by interatomic Auger transitions. Electron impact produces a core hole on
the cation. An interatomic Auger process follows which leads to a "Coulomb
explosion”. In this process, the anion can be converted to a cation. The
electrostatic repulsion between this cation and the metal cation could
explain the o desorption and the consecutive reduction observed on metal

oxides. Knotek and Feibelman (73) have proposed criteria for the stability
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of ionically bonded compounds in ionizing environments. They provide that

the materials most likely to decompose under electron bombardment are maxi-

mal valency compounds in which the cation and the anion have Pauling elec-

tronegativity differences > 1.7. (e.g. Si02, A1203, TiOz, VZOS’ W03, Moo3,..).
Van Oostrom (63) has studied the reduction of A1203 to Al under electron
bombardment. He has shown that the onset for decomposition is near 10 Ccm_2
for a 5 keV electron beam.

This preferential removal process seems to apply to alkali halides,
on whieh the desorption of halogen atoms has been observed (74-83). It is
not well established whether this process is the same as for the metal
oxides (80), or is due to electronic excitations and thermal effects (74-
79) or involves the diffusion of defeccts (e.g. F centers) to the surface
(81-83).

The stability of many other materials submitted to electron bom-
bardment has been studied and the results have been related by Madey et al.
(84).

The lack of a systematic study of electron beam damages origi-

nates from their wide spread. A review paper on this subjet, by Pantano
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and Madey (85) puts forward how complex such a study could be. Moreover,
such a study could not treat of each particular case, especially concer-
ning pratical or technological samples. Thus, it could be more useful for

investigators to dispose of some guidelines for avoiding electron beam

—
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and, principally, a proceeding to take up the probem of electron beam

damage and check up the contribution of the different processes generally
involved in electron beam effects. In the second part of this paper, we
present a study of the electron beam effects on an aluminum sample

exposed to oxygen. In this work, the careful examination of all processess,
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especially ESA and ESD, enables us to confirm the electron enhanced surface
diffusion of adsorbed species (86) and to display the contribution of a

direct momentum transfert mechanism to the observed phenomena.

Electron beam effects on oxygen exposed aluminium surface

In a previous experiment (87) we have shown, on an oxygen exposed
(111) textured polycristalline aluminum surface the reduction effect of a
250 eV electron beam and the oxidation effect of a 5 keV electron beam
(Fig. 4). These effects are accompanied by contrast modifications of the
secondaéy electromrimage of the bombarded area : (1) darkening during reduc-
tion (Sp = 250 V) and brightenning during oxidation (Ep = 5 keV). (Fig.5)

We will report here, the results of the experiment carried out

for a better understanding of these effects.

Experimental :

The experiment was performed in a JEOL JAMP 10 Scanning Auger
Microscope. The system is equipped with an ion pump, a titanium sublimation
pump and a cryogenic panel. The basic vacuum is 10-9 Torr without baking
out and without using the cryogenic panel. The primary electron beam is
perpendicular to the sample surface. The electron spectrometer is a cylin-
drical mirror analyzer (CMA) which axis is parallel to the surface. A
beam brightness modulation system enables us recording the E.N (E) distri~
bution of the emitted electrons. The first and second derivative curves
can be obtained by modulating the potential of the external cylinder of

-2

the CMA. Sample cleaning is achieved with ion bombardment (Ar+, l0-6A.cm R

3 keV).
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Two aluminum samples were used for this experiment :
(i) the polycristalline sample studied in the previous experiment (87).
It was of purity 99,99 %. It was mechanically polished to a mirror-like
finish an them ion etched (Ar+, 3 keV, 10-6 A.cm—z) at 450°C until the
surface plasmon peak and the 4 eV loss (88-89) observed with a 250 eV
primary eneréy were well-defined. The sample was then heated to 550°C
for half an hour. After this treatment, the sample consisted of big
grains (1-2 mm). It has been checked with X-Ray diffraction that all"

grain surfaces were (1!l) oriented within a few degrees.

(ii) a single crystal Al (100). It was mechanically polished and then
electrochemically polished in a solution of perchloric acid and ethyl
alcohol. Ion etching and heating have been performed in the same manner
as for the first sample. Same cleanness criterions have been used.

In order to compare the evolution of the electron bombarded
surface with that of the non bombarded surface, we have selected before-
hand five spots (labelled A to E) on each sample (located on one big grain
on the (111) Al sample). The evolution of the surface under electron bom-
bardment is checked every 5 min. on the spot A, on which the electron
beam is kept for more than | h, except during the spectra acquisition
periods from the non-bombarded surface (i.e spots B to E). Preliminary
measurements showed that no difference could be detected by AES (Ep = 5 keV)
or by ELS (Ep = 250 eV) among these five spots. The sample surface was

ion etched before each run of oxygen exposure and A.E.S. acquisitions.
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During oxygen exposures, the valve separating the gun chamber and the main
chamber was closed. For AES acquisition, energy ranges from O to 80 eV and
from 470 to 525 eV were studied. AES acquisitionswere performed with the

same conditions than that used for bombardment.

Results and discussion

-~ AES study of the initial steps of the aluminum oxidation

Fig. 6 shouws the Auger spectra of the Al (111) surface after dif-
ferent oxygen exposures (0 — 1000 L). The evolution of the Al (100) Auger
spectra were similar. Fig. 7 shows the decrease of the peak-to-peak height
of the Al LYY peak (at 68 eV) (derivative mode) on the (111) surface,
normalized to that of 2 clean surface, for exposures ranging from O to
50 Langmuirs. We have collected on Fig. 8 the variations of the peak to
peak he{ghts of the Al LYV peaks (the peak located at 68 eV ; called in
abbreviation the Al peak, characteristic of the aluminum metal and that
located at 54 eV, later called the al ~ O peak, characteristic of the
oxidized aluminum), and the oxygen OKLL peak located at 508 eV (90-92)
for exposures from 0 to 1000 Langmuirs. Moreover, we have shown on the
figure the variations of the ratio of Al-0 peak height over the sum of

the heights of the Al and Al-O peaks (defined as R). In this work we

will used the value of R to represent the extent of the surface oxidation.

~ Electron beam effects

On a clean Al (111) surface, no appreciable difference could be
observed in A.E.S. between the bombarded area (spot A, 70 mm, 5 keV,
9 x 10_5 A.cm_z) and the non-bombarded surface (spot E) examined after

the bombardment of the spot A.
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We have observed on the both areas (A and E) a slight decrease of the
Alva peak and the apparition. of the oxygen Auger peak. In both cases,
it corresponds to a 4 - 5 Langmuirs oxygen exposure. This result seems
compatible with a residual gas contamination (2,5 x lO_gTorr). We got
similar results on the Al (100) surface. On such clean surfaces, electron
bombardment effects (3 keV, 9x10.10-5A.cm—2, 70 on) seem negligible
compare to the vacuum contamination.

Electron beam irradiation (5 keV, 9x10--5 A.cmgz, 70 mn effects
were then studied on the Al (111) surface exposed to 100, 250 and 1000 L
of oxygen. The same effects have been observed for the three exposures :

(i) the O peak height increases in the bombarded area (spot A)

KLL

(Fig. 9a solid line). The increase value is about 20 7 of the 0KLL peak
height zeasured on the non-bombarded surface (spots B, C, D and E) (Fig.9%a,
dashed line).

(ii) the R value also increases in the bombarded area (Fig. 9b,
solid line). The relative increase of R is the same for the different expo-
sures : about 40 7 of that measured in the non-bombarded area (Fig. 9b).

It is worthy to note the slight increase of R on the non-bombarded surface
(spot B C D and E) (Fig.9b dashed line).

The difference between solid lines (bombarded area) and dashed
lines (non-bombarded surface) can be used to represent the effect of electron
bombardzent.

The SEI observation of the bombarded area shows a bright contrast,
This contrast can be removed by ion etching at 500 eV for a couple of minutes,

thus suggesting a very superficial beam effect.
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Same experiment has been repeated on a 1000 L exposed (111)

3 3x 1074,

aluminum surface with different current desities (9 x 10
1,1 x 10—3 and 2,3 x 10-3 A.cm_z). These densities were obtained by
keeping constant the primary iantensity (2,2 x 10-'8 4A) and primary energy

(5 keV) and varying the beam diameter (respectively 175, 100, 50 and

35 ym). We observed that :

(i) the initial value of the OKLL peak height (t = 0) and its
increase were the same in all cases

(i1) the initial value of R (t = 0) increased in proportion to

the current deasity (Fig. 10) but its final value (t = 70 omm) in the bombar-

ded area (spot A) was the same whatever the density. The acquisition of

H i E N NEDMR

the AES spectra from 0 eV to 70 eV (energy range scanned to record the

&

Al-0 and Al peaks) took about 70 s. Thus, the higher initial R wvalue at

higher current density corresponds to the higher dose (current density x

it |

time) accumulated in the bombarded area during 70 s.

The different behaviors of the variations of the OKLL peak
height and that of the R value suggest that the mechanisms responsible
for these variations may be different. |

The oxygen increase only depends on the primary intensity, thus
indicating that this phenomenon is not restricted into the bombarded area
but concern a greater part of the sample. On the other hand, the R behavior
suggests that the variations of R during bombardment are the consequences
of two possible successive mechanisms.

(i) the first one, with a rapid kinetic, which depends on the
current density and thus on the species initially present in the bombarded

area.
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(1i) the second mechanism, with a slowver kinetic, which is
directly correlated to the oxygen increase in the bombarded area. Its
kinetic is not dependent on the current density.

- Influence of the wvacuum level

The increase of the oxygen concentration and of the oxidation
rate under electron bombardment are often attributed to electron stimu-
lated adsorption of the residual vacuum molecules. In order to check the
vacuum contribution to the observed phenomena, electron bombardment

4 A.cm~2, 70 mn) of the Al (111) oxygen exposed (1000 L)

(5 kev, 9.10°
surface has been carried out during cooling the cryogenic panel. The
liquid nitrogen cooled cryogenic panel can not only decrease the vacuum

level (6.10 '%Torr instead of 2,5.107°

Torr), but also changes the compo-
sition of the residual gases. The gas composition has been analysed by
using quadrupole mass analyser (RIBER QS 200) : without using the cryogenic
panel, the main components are H20 and CO ; upon cooling the cryogenic

panel, H O is readily removed.

2
On these vacuum conditions, electron bombardment effect (5 keV,
9 x 10-S A.cm_z, 70 mn) is similar to that obtained without cooling the
cryogenic panel.
This result rules out the contribution of electron stimulated
adsorption : removing the major source of oxygen in the chamber (HZO)
does not change the phenomenon.

This result suggests that the increase of the oxygen concentration

and the increase of the oxydation rate are not due to electron beam stimu~

lated adsorption of residual gases. It is confirmed by the absence of electron

beam effect on the clean Al (l11) surface.
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The consequence of theses results is : the source of oxygen is
the sample itself. Nevertheless, two main mechanisms are available : (i)
bulk diffusion of the oxide incorporated oxygen or/and (ii) surface dif-
fusion of oxygen. The last mechanism can involve the oxygen of the alumi-

num oxide or/and the chemisorbed oxygen.

Electron bombardment of aluminum oxide gives rise to oxygen

desorption and reduction of the bombarded surface (63). Then, we have
ruled out the contribution of the aluminum oxide to the observed phenomena.
This hypothesis limits the source of oxygen to the oxygen chemisorbed phase.
The oxygen-zluminum interaction has been extemsively investigated (93-99)
It has been shown that the initial oxidation greatly depends on the surface
orientation. It is generally acéepced that on the (100) and (110) faces,
oxygen incorporates into the bulk and gives rise to oxide formation for sub-
monolayer coverage. On the (11!) face, a chemisorbed oxygen layer is formed
initially, which is then transformed into oxide upon further oxygen expo-
sure. We have used this difference to confirm the hypothesis of oxygen
chemisorbed surface diffusion. The single crystal Al (100) has been electron
bombarded (5 keV, 9 x 10-5 A, 70 mn) after oxygen exposure (1000 L).
After irradiation, the R value increased by about 5 7 over that of the non
irradiated surface and the oxygen concentration was the same (within noise
level) in the irradiated and non irradiated areas (Fig. 1la). The absence
of electron bombardment effect on the Al (100) oxygen exposed surface confirms
that electron beam effects on Al (111) occur in the 6xygen chemisorbed phase.
The increase of the oxygen concentration into the bombarded area

is the consequence of the surface diffusion of the chemisorbed oxygen.
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We think that this penomenon takes place on the whole sample surface.

It is probably enhanced by secondary electrons which are scattered by

the chamber walls and principally by the objective lens of the electron
microscope (Fig. 12). These low energy electrons are responsible for -
electronic excitations which can lead to a desorption re-capture ~ surface
diffusion mechanism (see electron stimulated desorption). The kinetic of
such a mechanism does not depend on the current density but on the primary
current intensity as it is observed in our experiments. The existence of
this mechanism is confirmed by the sample reduction observed under a 250 eV
electron bombardment.

The opposite phenomena observed at 250 eV and 5 keV make difficult
the explanation of the increase of the R value (Al (l11) - 5 keV) in terms
of electronic excitatrions.

On Al (111) the oxidation state is separated for the oxygen chemi-
sorbed state by a potential barrier. This barrier can be overcome by
heating the sample. The transition temperature was reported to be 450°C
for a 30 L exposure (99) and 160-200°C for 100 L exposuée (98). These
temperatures correspond to an estimated activation energy of |1 eV at 0L
(98). The activation barrier height decreases with the coverage rate of
the surface : after 1000 L exposure, we observed with low current density
(9 x 10-5 A.cmmz) an increase at room temperature of R, even on the non-
bombarded surface (Fig. 9b, dashed line), whereas the oxygen concentration
remains constant (Fig. 9a dashed line). We have estimated the average value
of the activation barriar for oxygen incorporation on Al (111) exposed to
1000 L of oxygen to be about 100 meV. Then it is possible for the chemisorbed

oxygen atoms to get this activation energy through quasi-elastic scattering
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of the 5 keV primary electrons. We have shown the cross—-section of elastic-
scattering of the 5 keV primary electrons to transfer more than 100 meV to

19 cm2 (100). This value empha-

a chemisorbed oxygen atom is about 2 x 10
sizes the importance of such a phenomenon : with a current density of

9 x 10_5 A.cm-2 the probability for a chemisorbed atom to be incorporated
through an elastic scattering process is 0.1 in 15 minutes.

The almost high value we have found for the oxydation process
cross-section explains the different initial values of R we measured with
different current densities. The existence of two different processes res-
ponsible for oxygen concentration increase and oxidation extent increase
explaizs the kilnmetics we have observed.

The kinetic of increase of the R value can be analysed in two
parts : (i) A rapid phenomenon : incorporation of the oxygenen chemisorbed
atoms located in the bombarded area ; its kinetic depends on the current
density (ii) a slow phenomenon : diffusion of oxygen chemisorbed atoms of the
non-bombarded surface towards the bombarded area where free adsorption sites

have been created by incorporation. These new oxygen atoms can be in turn

incorporated by incident electrons.
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Conclusion

Electron bombardment effects in AES have been the aim of a
considerable number of studies. These studies have permitted a rough
classification of the observed effects in four categories : (i) thermal
effects, (ii) electrical effects, (11i1) electron enhanced adsorption or
reaction (iv) electron enhanced desorption and decomposition. In spite
of a considerable literature on this subject, no systematic study of
electron bean damage in AES exists, but most of factors which can contri-
bute to analysis errcr and sample damage are known and some general guide-
lines can be given on how to minimize electron beam effects. However,
certain effects which involve physico-chemical processes are genuine and
cannot be completely eliminated. We have shown that the chimisorbed -
oxide transition observed on the Al (111) oxygen exposed surface is caused
by near-elastic scattering of the primary electrons (5 keV) and cannot be
completely eliminated even by working with very low current densitiés (9 x

> A.cm‘z). The surface diffusion of chemisorbed oxygen we have observed

10
is perhaps more pronounced in a microscope~spectroscope combined device
but such a mechanism should be generally studied and its contribution compa-

red to that of electron stimulated adsorption (ESA).
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FIGURE CAPTIONS

Temperature increase versus injected power calculated on
Aluminum (K = 0,567 cal/cm.°C.s) and on SiO2 (K = 32.10-4
cal/cm.®C.s) for different full width (al) at half maximum

of the electronic density of the beam.

Variation of the secondary electron emission yield § as a

function of the primary energy Ep.

Schematic representation of ESD via initial Franck-Condon
transition from a bound state to a repulsive part of an
ionic state. If recombination occurs at Z > Zc, X can desorb
as a neutral. Zc (cristical distance) is the distance at
which kinetic energy Ec gained by x during desorption is
sufficient to overcome the potential barrier to desorb as

a neutral X after recombination.

Evolution of the AES spectrum of an oxygen exposed (1000 L)
Al (111) surface under electron bombardment

1,2, 3 : Ep =230 eV - 1078 - 300 s

Ep = 5 keV - 107°A - 300 s

6,7,8 : Ep=230ev- 10 - 300 s.
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Figure 5

Figure 6

Figure 7

Figure 8

36

a : Secondary electron image of the Al (111) surface after

oxygen exposure (1000 L). Ep = 230 eV.

b : Secondary electron image of the same surface after electron
bombardment (Ep = 230 eV ; 3,6 x 10.6 A.cm-z, 300 s)

The bombardment area appears with a dark contrast.

¢ : Secondary electron image of the same surface after electron
bombardment (Ep = 5 keV -~ 3,6.10.6 A.cm-z, 300 s)
Secondary electron images have been done with the same primary

enexrgy : Ep = 230 eV.

Evolution of the E. dN (E)/dE Auger spectrum of the Al (111)
with fhe oxygen exposure (0-— 1000 L).
Variation of the AILVV (68 eV) peak height as a function of

oxygen exposure (0 — 50 L). The peak height is normalized to

that recorded on a clean surface.

Variations of AILVV peaks (located at 54 and 68 eV) of OKLL

peak (508 eV), of the sum S of the heights of the AILVV
(68 eV) and AILVV (546 eV) peaks and of the ratio R (height

of the AILVV (54 eV) peak on the sum S).
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Variation of the 0KLL peak height on Al (111)
solid line : on the bombarded area (spot A)
dashed line : on the non-bombarded surface (spots B.C.D and E)

(Ep =5kev, d =9 x 10-S A.cm-z).

Variation of the ratio R on Al (II1)
solid line : on the bombarded area (spot A)
dashed line : on the non-bombarded surface (spots B.C.D and E)

(Ep =5 %eV, d = 9 x lO_SA.cm_z).

Variation of the ratio R on Al (lI1) studied with two current

densities
Fig. 10 a : d =9 x 10_-5 A.cm_2
Fig. 105 : d=2,3x 107> A.cm 2

The initial value of R (non bombarded surface - dashed lines)
is higher with 2,3 x 107> A.cm 2 (0,62 instead of 0,52 with

d=9x 10 A.cn?)

Variation of the OKLL peak height on Al (100)
solid line : on the bombarded area (spot A)

dashed line : on the non-bombarded surface (spots B.C.D and E)

5

(Ep = 5 keV - d=9x 107> A.cm 2).
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Figure 11 b : Variation of the ratio R on Al (100)
solid line : on the bombarded area (spot A)
dashed line : on the non-bombarded surface (spot B.C.D and E)

5

(Ep = 5keV —d =9 x 10°° A.cm 2).

Figure 12 : Schematic representation of the mechanism leading to low

energy electron bombardment of the sample surface.
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