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Electron-stimulated conversion of chemisorbed O to Al ,0Oz on Al (111)
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The transformation of a chemisorbed O layer on th€lAl) surface into AJO; under electron
impact has been monitored by high-resolution electron energy-loss and x-ray photoelectron
spectroscopies. Electron irradiati@i00 eV) of chemisorbed O was observed to cause spectroscopic
changes in the surface layer indicative of oxide formation. The energy transfer from the electrons to
the chemisorbed O atoms through electronic excitations, leading to vibrationally excited adsorbed
particles, is proposed to be responsible for the observed conversion of chemisorbed oxygen to
Al,O5. The cross section for this electron-induced process is estimated ta b& 2°cn? for 100

eV electrons. ©1999 American Institute of Physid$S0003-695(99)02746-1

Controllable electron-beam-aided growth of oxide films An extensive review of the use of electrons for inducing
is an important technological goal, which has not been invessurface chemical reactions is given in Ref. 3. Electron irra-
tigated extensively. The use of electronic excitation pro-diation has been already employed for the efficient oxidation
cesses to induce nonthermal chemigirg., oxidation reac- of Al(111) by water at 90 and 300 K.
tions) could be of importance in the microelectronics The thermal oxidation of AlL11) itself has been studied
industry for growing thin insulating layeréespecially of using a wide range of experimental methdts.’ For atomi-
SiO, and ALOy). cally smooth A{111), the sticking coefficient for @at 300 K

Electron beams have already been used for inducings small, of the order of 10°~10 2.23*> At 300 K, chemi-
growth of various compound thin films from precursor mol- sorbed O is produced initially upon the dissociative adsorp-
ecules on surfacés? Direct electronic or multiple vibra- tion of O,. Later it transforms to AlO; slowly at 300 K and
tional excitation has been proposed to explain current anthore rapidly at higher temperaturgs:® Both x-ray photo-
field-induced phenomena observed under scanning tunnelirgjectron spectroscopyXPS) and high-resolution electron
microscope tip4® energy-loss spectroscofffREELS measurements are ef-

The mechanism of electron-stimulated desorptionfective in discriminating chemisorbed O from /8, with
(ESD), the first among the electron-stimulated surface proHREELS being more sensitive.
cesses to be investigated, has been studied by Menzel and In this work, we report the observation of enhanced
Gomer, Redhead, and later by AntoniewiézIt was sug-  Al;O; formation upon electron bombardme(it00 eV en-
gested that the electronic excitation of the adsorbate molergy of the chemisorbed O/AL1Y) layer, as monitored by
ecule opens up new nonthermal routes for driving surfac&®oth HREELS and XPS.
chemical reactions, or in other words, accessing the final "
products, which require an activation energy for producfion.
For 100 eV electrons used here, both valence- and core-level
excitations are possible.

According to these accepted theories, direct energy ~
transfer to an adsorbed H atom is negligibly small for 100 eV A
electrons, and becomes even less for more massive adsorbate
molecules. Thus, energy exchange between the electrons 1 5
and adsorbed particles has to be indirect, causing the forma- v

tion of excited speciege.g., through electronic excitations
A number of repulsivéunbound and ionic states are acces-

sible upon Franck—Condon electronic transiti¢step 1, Fig. -

1), and these states may lead to electron-stimulated v

desorptioi® or to electron-stimulated migratidESM).2° A

downward transition from these statestep 2, Fig. 1 may Reactant B et
lead to the population of vibrationally excited surface species N
in the ground electronic state. These “hot” states can then Reaction Coordinate

lead to surface chemical reactiofsaich as oxide formatign 1 Sehematic stimulation of . hemical ion by electroni
. 1. Schematic stimulation of a surface chemical reaction by electronic
where the prOdUCt states are Separated from reactant Spec!;éx itation. Reactant species are excited by a Franck—Condon-type electronic

by an activation barrier, as schematically shown on Fig. Jransition(1) into the repulsive state, with a consequent downward transition
(step 3. back to the electronic ground stat®. The species formed in this process
are vibrationally excited and are able to surmount the activation barrier and
transform into product3). Thus, previously inaccessible product species are
¥Electronic mail: jyates@vms.cis.pitt.edu formed as a result of electronic excitation.
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FIG. 2. Development of the HREEL spectra after electron irradiation of thep|g. 3. xps O(%) peaks for(a) 300 L O, exposure carried out at 300 K;
chemlszorbed O/AL1Y) layer (300 L O, at 300 K) by 100 eV electron$’0  and(p) after irradiating the formed layer for 155 min by a 100 eV electron
uAfcm?, flood-type e-guhat 300 K.(a) After adsorption of 300 L of @ (b) beam. Upon electron impact the Gf)1peak is broadened and shifted from
after 15 min electron irradiatiorfc) after 75 min; andd) after 155 min. The 531 3 eV, with a component at 532.4 eV, indicating the transformation of

high-frequency mode at 820 crh(crosshatcheds characteristic of A3 the adsorbed species into oxide. Deconvolution into oxidic and chemisorbed
and increases in intensity as it is formed on the surface under electrog js shown.

impact.

served when the chemisorbed OJ&L]) layer was exposed

Experiments were performed in a two-level UHV systemto a 100 eV electron beam. The HREEL mode indicating
equipped with HREELS, XPS, Auger electron spectroscopyoxide formation(820 cm'Y) grew in intensity after electron
quadrupole mass spectrometry, and low-energy electron difmpact. This process is illustrated in Fig. 2, specta (c),
fraction instrumentation. The base pressure was 2-3ind(d) (after a total of 15, 75, and 155 min of irradiatjon
x 10" Torr. The experimental setup along with the crystal This transformation(chemisorbed to oxidicis con-
mounting are described in detail in Refs. 1 and 15. Thefirmed by XPS data, presented in Fig. 3. Here, the XPS
Al(11Y crystal (2-mm-thick disk of 12 mm diamnwas pur-  O(1s) peak is shown after Dexposure at 300 Kspectrum
chased from MaTeck Co., lich, being oriented within 0.25° (a)] and after 155 min of electron irradiatigapectrum(b)].
to the (11 crystallographic direction and polished to a mir- The narrow peak centered at 531.3 eV binding energy shifts
ror finish. It was extensively cleaned by Arsputtering and broadens, as chemisorbed oxygen species are trans-
(0.5-1 keV, 5<10 °Torr Ar, 0.5—1.0,uA/cm2 at 300 K formed into oxide. Both deconvoluted chemisorbed and ox-
and annealind723 K). (The importance of rigorous crystal idic components of the O@E) XPS peak are showfat 531.3
preparation procedures is emphasized in Rej. Okygen and 532.4 eV binding energg* Thus, XPS as well as
exposures, given in langmuirs (H1x10 ®Torrs) were HREELS detects conversion of the chemisorbed species on
carried out by back filling the upper preparation chamber tdhe surface into oxide upon electron bombardment.
1x 10"’ Torr pressurgnot corrected for the ion-gauge sen- In these experiments the Of)lintegrated peak area in-
sitivity). Exposures were chosen so as to produce primarilgreased upon transformation of chemisorbed O da 1) to
chemisorbed O on AL11) (Ref. 19. Electron irradiation of oxide?? We ascribe this effect to the forward scattering of
the adsorbed O/AL11) layer was performed using an elec- the photoelectrons in the case of oxide species. Similar ef-
tron beam with 100 eV primary enerdy0 uA/cm?) from a  fects where first described by Egeltdffor Ni/Cu(100) and
flood-type electron gun. The electron dose was kept below Wvere later found for a number of other systefhs® The
Clcnt, determined by another research group as a criticaincrease of the O(d) peak area upon transformation of the
value at which beam damage effe¢tsrmation of Al clus- chemisorbed O to oxide upon annealing is shown in Fig. 4.
ters were observed for 1 keV electrofS.No detectable For the complete transformation upon annealing up-650
sample heating due to the irradiation was observed. The eK an increase of 40% 10% is observed.
fect of electron impact on the conversion of the chemisorbed Chemisorbed O species on (AlLl) are regarded as
O to Al,O5; was monitored by HREEL® eV primary beam metastable and transform into oxidic species slowly with
energy. Al(2p) and O(k) peaks were also recorded to time at 300 K in an activated proceSs->The time evolution
monitor oxide formation with XPS, using an M« x-ray  of the chemisorbed O layer at 300 K in the absence of elec-
source?? tronic excitation is shown in Fig. 5, where the HREELS

Adsorption of 300 L @ on Al(111) at 300 K leads pri- oxidic mode at 820 cm' very slowly grows in intensity after
marily to the production of chemisorbed O atoms based ori20 and 1080 min. An additional feature at 370 ¢map-
spectrum(a), Fig. 2. The domination of the HREELS mode pearing after electron irradiation, is observed for @1AH)
around 590 cm'® indicates preferential population of this and signifies changes in the structural properties of the oxide
phase on the surface. Only very little oxide is observed onayer, as discussed in the literatdre’*Thus, the thermally
the surface in this case, in agreement with the literaturénduced formation of the stable well-developed oxide layer
where oxide formation has been monitored by HREE®S. on the A(111) surface is a relatively slow process at 300 K,
The loss mode at around 820 thascribed to the oxidic O compared to the rate of oxidation observed upon electron
species on Atl11),'>1"18exhibits a very small intensity in irradiation, as shown in Figs. 2 and 3.
spectrum(a). The cross section for the electron-stimulated conversion

Significant changes in the HREELS spectrum were ob-of chemisorbed oxygen to AD; may be estimated from the
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T ' sorbed O to oxide are carried out at 100 eV below 0.7 &/cm
and the described reduction process is not observed under
our conditions.

Summarizing, the electron stimulated conversion of
chemisorbed O on AL11) to Al,O; has been investigated by
7 two electron spectroscopies—HREELS and XPS. At an elec-
tron energy of 100 eV, a cross section for the conversion
process of X 10 °cn? has been measured. Although the
) details of the electronic excitation process have not been in-
vestigated, it is likely that such excitation leads to the pro-
duction of vibrationally hot Al-O bonds, which induce the
T.K conversion of chemisorbed O to A&);. In addition, at 100

FIG. 4. XPS O(¥) integrated peak area changes upon annealing. An in-€V, Other excitation processes, such as ionization, may play a
crease of approximately 40%10% is observed. role in the observed conversion process.
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