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Secondary-electron and negative-ion emission from Al: Effect of oxygen coverage
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Absolute values for secondary-electron and negative-ion yields resulting from positive ions impacting an
aluminum surface have been measured as a function of oxygen coverage on the surface. The experiments have
been performed with positive sodium ions at collision energies below 500 eV. The dominant sputtered negative
ion is observed to be Ofor the entire range of impact energies studied. The yields for electrons andsO
secondary species, exhibit similar and marked dependencies on impact energy and oxygen coverage of the
surface. Using recently calculated potential parameters for the Al/O system, a specific model for the sputtering
of O is presented. Additionally, a mechanism for the secondary emission of electrons involving the formation
of O(*S) by the neutralization of the impacting Nalirectly with O residing on the surface is proposed as the
source of secondary electrof§0163-182806)07421-9

[. INTRODUCTION with the Na beam. The effect of the change in the work
function, induced by Na, is the subject of another study. In
A complete understanding of secondary-electron andhese experiments, the primary beam is incident at a fixed
negative-ion emission resulting from low energy, ion-surfaceangle of 60° with respect to the surface normal of a poly-
collisions is of fundamental interest to the field of surfacecrystaline Al ribbon. The absolute yields of secondary elec-
physics. While the various aspects of secondary emission &tons and negative ions are determined for variable oxygen
high impact energies have been studied extensiv@litle ~ coverage of the Al ranging from none up to complete cover-
data is available for ultrahigh vacuum prepared metallic sur2ge. The yields are defined as the ratio of electrons or nega-
faces for impact energies below 500 eV. Previous investigalive ions exiting the surface per incident ion. The 'Nan-
tions, however, clearly have distinguished the “kinetic” and Pact energy is varied from below the observed thresttblel
“potential” emission processes of particle induced electronMinimum impact energy for the production of secondary
emission at low impact energiéé Kinetic emission requires Negative producisup to 500 eV.
a substantial momentum transfer to a conduction electron lon-induced electron and negative-ion emission from sur-
which is 0n|y ||ke|y to occur for impact energies in the keV faceS play a Cr|t|Ca| I‘Ole n the Sheath th|CkneSS, equ|l|br|um
range, where the velocity of the incoming particle is similarconcentrations, and ion-energy distributions in plasmas, and
to that of a conduction electron with the Fermi energy. In athese results should be relevant to many plasma based phe-
potential emission process, the neutralization of the incidenfomena including plasma etchifiy,® glow discharges;
positive ion via electron tunneling will release energy whichand GEC(Gaseous Electronics Conferenaeference cell
may be transferred to another electron in the solid. That se@xperiments® Additionally, secondary yields are impor-
ond electron can be emitted into the vacuum if the energj@nt in understanding ion source performaffténe future
gained from neutralization is greater than twice the surface'§levelopment of particle detectdrs,”* and the erosion of
work function® While Kinetic electron emission from Satellite materials in low earth orbité In the following, we
clean metal surfaces at low collision energies is veryPresenta complete description of the experimental procedure
improbable’~® such is not the case for an adsorbate-covere@nd the results for oxygen covered Al. Also, using recent
surface where large secondary-electron emission coefficien@lculations for the Al/O systefit,a model specifically for
are routinely observetf:™ The reason for the enhancement O~ emission (the dominant negative-ion obseryediong
of emission is not known. Since all functional devices areWith a suggested mechanism for secondary-electron emission
inevitably gas covered, the effect of the adsorbate on electrofyill be presented.
and negative-ion emission is of great practical interest, and it
remains an _a_ctive area of inquify. _ _ _ _ Il. EXPERIMENTAL METHOD
The specific purpose of these experiments is to investigate
the role of the oxygen coverage on secondary-electron and The experiment is conducted in a fully bakeable ultrahigh
negative-ion emission due to collisions of positive sodiumvacuum chamber with a base pressure less thafh02°
ions (Na") with an aluminum(Al) surface. Na was chosen Torr and is monitored by a residual gas analyzer and a stan-
in the present experiments to prevent potential emission frordard ion gauge. The vacuum in the main chamber is main-
occurring since the ionization potential of N&.1 e\V) is  tained by a turbomolecular drag pump, five sputter ion
much less than twice the work function of A~4.2 eV). pumps, and a titanium sublimation pump, with another sput-
Previous studies illustrated the effect of alkali-metal coverter ion pump on the quadrupole mass analyzer housing. Ex-
age on the work function and secondary-electron andernal to the chamber are a turbomolecular drag pumped dif-
negative-ion emissiot*3*however, in the present work, ferential line for the argon ion gun and a gas handling system
care was taken to not alter the work function appreciablywhich provides both the gas for the argon ion gun and for
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oxygen to be introduced into the main chamber via a variablenables an estimation of the kinetic energy distribution of the
precision leak valve. sputtered negative ions to be made. A secondary feature of
In the UHV chamber, the alkali-metal iofNa") gun is  the TOF measurements is that, by varying the potential of the
aligned at an angle of 60° with respect to the surface normafl ribbon slightly, it is easy to confirm that the sputtered
A Na" beam is produced from a thermal emission cationnegative ions come exclusively from the Al surface being
source, and its operation does not alter the pressure in tHgudied and not from any other element in the system. Addi-
vacuum chamber. The ion source is made of a porous tundional experiments, at impact energies below the observed
sten surface impregnated by an alkali metal compound whicRn€rgetic threshold for sputtering, show that no negative sec-
emits Na ions when heated. The purity of the beam is re-Ondaries are collected by the collection lenses even though
ported to be greater than 99%, and no metastable ions Shouﬁ&ements near the surface, such as the grid, lie at potentials
be present® The Na' ions are focused on the Al surface elow the surface voltage. Furthermore, each element of the
with an ein.zel lens and a quadrupole lens. Opposite the Naextraction system, other than the collection elements, was
gun is a 0.1-5.0 keV argon ion gun providing an' Ayveam monitored independently to ensure that the current collected
incident on the surface at an angle of 60° with respect to thgﬂrg:r?gr?t:::rpnzrgz maessnfgégﬁlseépﬁ{gg dejggnss)t/ ?a]:s?;erﬁq-g
§urface normal. The Arbeam, gsed for cleaning the surface, 4.0 keV A beam, over the entire surface area doh at a
is fully rasterable over the entire surface area of the sampl leam current of-1.0 uA. The surface cleanliness is checked
The sample is a 503 mn?, high purity (99.995% poly- KA . .
b gh purity ( % poly at the start of each data set by measuring the total yield at an

crystaline aluminum ribbon which is 0.038 mm thick. The .

surface mount aligns the ribbon vertically, perpendicular tgmpact energy of 250 eV and confirming thatty (250

the plane formed by the Naand the A¥ beams. A circular eV)=<0.1%. This inequality provides our operational defini-

(150 mm in diametgrscreen of 93% transparent tungstentIon of “clean.” No pther method, fqr exaf“p'e: Auger'elec-
tron spectroscopy, is presently available in this experimental

mesh, mounted vertically, lies 25 mm behind the surface, . .
This assists in focusing the negative ions and electron@PParatus to check the surface cleanliness. Increasing the

ejected from the surface into the extraction lens system. 'C‘Q'ypyé%rod?;nmg :'m(t':f l?leycljtndhth?dﬂ;)ree thours dd&est S}Ot 'OWef
cylindrical grid, with small apertures for the Naand the T V) substantially. [t should be stressed that the prin-
cipal focus of these experiments is to develop an understand-

Ar™ beams, is mounted on a 64 mm diameter ring in the Fih le that | . hancing th
plane of the surface, forcing azimuthal symmetry about thd"9 Of the ro'e that oxygen coverage plays in enhancing the

horizontal extraction axis in the region in front of the sur- secondgry-e_lectron and negative-ion yle_lds. The principal
face. uncertainty in these experiments is associated with the expo-

The extraction lens stack consists of four lenses Whic)‘gure of the surface to a known.flux of oxygen. Thi; requires
collect and focus the negative ions and electrons emitte nowledge of the oxygen partial pressure, which is known

from the surface. The first lens collects about 75% of theOnly to an accuracy ak15%. Other uncertainties, associated

negatively charged products, and the remaining portiorYVith measuring the total emission current, are within 10%.
passes down the extraction stack and is collected at the split
lens. It is assumed that the sampled portion provides an ac-
curate measure of the electron-ion fraction for all of the
negative products collected. A small iron-core electromagnet Figure 1 clearly illustrates the rather dramatic effect that
is attached to the second lens which, when operating, prasxygen coverage can have on the secondary-electron yields.
duces an 80 G transverse magnetic field within the seconbh addition to the present measurements for clean and oxy-
lens, deflecting the electrons from the extracted negativgenated Al surfaces, Fig. 1 shows the low impact energy
products without appreciably affecting the negative-ion tra-portion of the secondary-electron yield of a similar experi-
jectories. The third lens, consisting of two half cylinders iso-ment of N& impacting a clean Au surfadeThere is virtu-
lated from each other, has two modes of operation: to deally no kinetic emission from these clean surfaces at low
termine the ratio of negative ions to electrons for theimpact energies for ions such as Navith low ionization
sampled portion in order to calculate their absolute yieldspotentials. In fact, for Au,Y . <0.1% for impact energies
and to direct the negative ions into the quadrupole mass an&elow 350 eV, and similarlyyY . for Al is small, increasing
lyzer. In the former mode, the collection side of this splitto only ~0.5% at a 450 eV impact energy. The marked en-
lens is biased positively with respect to the other half tohancement of the emission of electrons after an exposure of
collect the negative ions and electrons. The ion yi¥ld, is  the Al surface to oxygen is illustrated clearly and can be
simply the ratio of sputtered negative ions to incident'Na attributed directly to the adsorbed oxygen. The amount of
ions. Likewise, the electron yield, . , is the ratio of second- adsorbed oxygen on the surface is related its exposure to
ary electrons to incident positive ions. The total yield isoxygen, and it is generally accepted that an exposure of 100
merely the sum of the two:Y7=Y,+Y.. In the L (1L=1langmuir=10° Torrs to polycrystalline Al cor-
negative-ion mass analysis mode, the two halves of the spliesponds to a surface covera@g,, of 0.75<0s<<1.0 mono-
lens are essentially at a common potential and are tuned fayer of oxygen atoms with complete saturation occurring at
direct the ions into the entrance aperture of the quadrupole-300 L2’*%Very similar results are found for single crystal
mass spectrometer, after which they are detected by a chaAt.332 Hence the sticking coefficient for oxygen on Al is
nel electron multiplier. ~1%. In what follows, we will continue to express the ex-
Time of flight (TOF) investigations of the sputtered nega- perimental results in terms of the Al surface exposure to
tive ions can be performed by pulsing the Narimary  oxygen as we have no independent method of determining
beam. The pulse width of the arriving sputtered negative ion®s.

Ill. RESULTS
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FIG. 1. Absolute electron yields for Naimpacting Al: (M)
clean and after 44) 98 L oxygen exposure. The solid line repre-
sents the low impact energy results for'Nenpacting clean Au and

is taken from Ref. 4.
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trapolating the total yield curves to zero yield, is distinct at
~50 eV and independent of the aluminum’s oxygen expo-
sure. For large primary beam exposures to the surface, a
significant amount of Na will adhere to the surface. This
substantially alters the total yieldncreasing bothy , and
Y. ), undoubtedly due to the lowering of the work function
associated with alkali-metal coverage of the surfddé:4
The operation of the small iron-core electromagnet, used to
separate the electrons from the secondary negative ions, re-
quired that the Na beam be incident on the surface at each
measurement point for at least 30 s. In order to keep the Na
exposure of the surface to a minimum, the'Naurrent was
lowered as the impact energy was increased during a set of
measurements. Lowering the primary beam current did not
affectY; at a given impact energy, thus ensuring that sec-
ondary emission follows from a direct, first order process, as
yields are independent of the magnitude of the primary beam
current striking the surface. Limiting the total Nalose to
the surface t6<20 nA min restricts the maximum increase in
Y 7 due to the effect of Nato <7% of the measured yield at
the last impact energy samplé450 e\), which would have
the largest accumulated Nadosage. The yield results pre-
sented in this paper have not been adjusted to compensate for
this relatively small effect.

At all of the studied impact energies and oxygen expo-
sures, the observed secondary-ion-mass spectra show that
O is by far the dominant negative-ion species, constituting

The total yield of negative products is shown in Fig. 2 asahout 94% of all the sputtered negative ions with signifi-
a function of impact energy for three different Al surfaces: acantly smaller amounts of the molecular negative ions AlO
clean surface and two oxygen-exposed surfaces at 52 and 9859, and AlG, (<1%). Because of the dominance of O
L, respectively.Y 1 is small for a clean surface at all impact the negative-ion yield is essentially the negative oxygen ion

energies, and there is a considerable increas¥ jinwith

yield, Y, =Yg, and hereafter will be referred to as such.

increasing surface exposure to oxygen. A doubling of therhys the total yield can be separated into secondary-electron

oxygen exposure almost doubl¥s at a given impact en-
ergy. The energetic threshol&,,, defined by linearly ex-
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FIG. 2. Absolute yield for electrons and negative ions for"Na
impacting Al: (A) clean, and two oxygen exposed surfadd@)

52 L and(H) 98 L.
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and O vyields, which are shown in Fig. 3 as a function of
impact energy for the previously described surfaces. While
Y is small at a given impact energy for clean Al, it displays

a pronounced increase with increased oxygen exposure of the
Al surface. The adsorbed oxygen obviously serves as the
source of O, whose yield begins to saturate at higher impact
energies. This adsorbed oxygen also has a major effect on
secondary-electron emission. Similar ¥y, Y. is very
small for clean Al, and there is a large increaserin with
increased oxygen exposure of the Al at a given impact en-
ergy. However, asyg begins to saturate at higher impact
energies,Y . does not, finally surpassingg at the highest
impact energies. The increased oxygen exposure of the Al
has a similar, significant effect on bo¥ty, andY ., and both
share the same exposure independent threshold. These obser-
vations suggest that the yields themselves are correlated, and
that the mechanism for secondary-electron emission may be
coupled with the production of negative oxygen ions at low
impact energies. Finally, it is of interest to note that the
impact energy at which the largest relative increase in
Y. (E,0,) is observed aE~250 eV for all Q.

The total, electron, and negative oxygen ion yields are
shown in Fig. 4 as a function of oxygen exposure of the Al
surface at a fixed impact energy of 250 eV. Most impor-
tantly, a large increase in all yields is observed for increasing
oxygen exposures. For exposures up to about 50 L, in addi-
tion to the observed rapid increase in the yields, there is an
increase in the slopes of the yield curves. For exposures
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FIG. 3. (a) Absolute secondary-electron yields for Nanpact-
ing Al: (A) clean, and two oxygen exposed surfacd®) 52 L
and (H) 98 L. (b) Absolute O vyields for the same three sur-
faces: (A) clean, and two oxygen exposed surfa¢@), 52 L and

(M) 98 L.
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the work function,¢, of 0.2 eV for exposures up te50 L
and the saturation of oxygen uptake occurring-di00 L2’
Thus, from 0-50 L, the increasing slope of the yield curves
may be related to the obvious increasefipand the corre-
sponding decrease i#h. And as the work function reaches a
constant value at-50 L, the increase of the yields becomes
linear with oxygen exposure, until the saturation of the oxy-
gen coverage of the surface occurs~at00 L, where the
yields begin to approach their saturation values.

IV. DISCUSSION
A. Secondary negative ions

Coupling of the electronic states of the metal with those
of a negative ion result in a shift of the affinity level when
the negative ion is sufficiently close to the metal’s surface.
Recent calculations specifically for the energy and width of
the affinity level of O, as a function of the distance, from
an Al surface, have been presented by Baheinal?® The
shift of the affinity level was found to be very similar to that
predicted by a simple image charge potential. For small dis-
tances from the reflection plane, the magnitude of the affinity
level, |EA(2)|, can exceed the metal's work functiog,
When this occurs, the Ostate will lie below the Fermi
level, and it is then energetically favorable for an electron
from the conduction band to fill the vacancy on the oxygen
atom adsorbed on the Al surface. The tunneling of an elec-
tron from the metal to the oxygen atom can occur for

ranging from 50-100 L, the yields exhibit a linear increase;«<2 5 a, for the Al/O systenf® Thus oxygen adsorbed on
with exposure, and above 100 L exposure, the slopes de- ajyminum resides on the surface essentially as a negative
crease and the yields approach saturation. These three fegy o

tures are possibly related to recent observations of oxygen Sputtering mechanisms for the removal of surface atoms

adsorption on polycrystalline Al which show a decrease in
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and/or ions are typically described as resulting from multiple
collisions of impacting particles with atoms of the substrate,
and these processes have been described extendivély.
Similar mechanisms govern the sputtering of fiom an Al
surface, and they may depend to some extent on the amount
of oxygen on the surface. For low oxygen coverage, the im-
pacting N& ion will be neutralized by an electron from the
metal, and the resulting Na can then sputter anb® one of
several distinct processes(l) Na impacts an Al atom
which then makes several collisions in the surface layer be-
fore ejecting an O from the surface(2) Na itself scatters
from several Al atoms and then imparts momentum fo O
ejecting it from the surface; dB) Na impacts an O directly
which then rebounds from the surface. For higher oxygen
coverage, the relative importance (8 should increase, and
the Na is more likely to be neutralized via charge transfer
directly with the O existing on the surface. Following such

a charge transfer process, an energetic oxygen atom, possibly
even an excited oxygen atom, will recoil into the surface
layer and then can be reflected toward the vacuum. This
oxygen atom will prefer being Oagain and can acquire an
electron from the metal on a time scale-o10 '° s which is
short compared to that for exiting the surfacel0 *s.

Under any circumstances, if Ois ejected from the sur-

FIG. 4. Absolute(H) total, (@) O™, and(A) electron yields as a  face with a large enough velocity, it will survive as a nega-
function of oxygen exposure of the Al surface at a fixed impacttive ion independently of the exact sputtering mechanism or

energy of 250 eV.

oxygen coverage, with the probability for survival dependent
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on this exit velocity normal to the surface. The survival prob-
ability of O™ can be calculated from the fundamental rate

equatior:®

dP™(t)=—A[z(t)]P~ (t)dt, (1)

with the initial condition P~ (t,)=1. Bahrim et al?® have
shown that the widthsA(z), of the m;=0,+1 states of O
can be accurately approximated by the form

A(2)~Agexp(— y2). 2

The solution of Eq(1) gives the survival probability? ¢, of
the O which can be expressed as

J'w —A(z)dz
Zc VL(Z) '
wherev, (2) is the exit velocity of O normal to the surface,
and z¢ is the distanc& where |Ex(zc)|=¢. With the ap-
proximation of a constant exit velocity, (z)=v, , the ex-

pression forP ¢ in terms of the kinetic energ)g, and the
sputtering angled, can be written simply as

PS[VL(Z)]=eXp[— ©)

—Age 7%c

(2E/m)cog 0)

(4)

PS(E,e)wex;{
Y

where ¢ is defined as the angle at which the sputtered par¢
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FIG. 5. Sputtered O kinetic energy distribution for a 50 L
oxygen exposed surface at an impact energy of 250 eV. The heavy,
dashed———- line is the statistical sum of the energy distributions
given by Eq.(7) for the m=0, *1 states of O. The dash-dot
——————— ) line represents the contribution of thg=1 state which

ticles leave the surface with respect to the surface normajs enhanced by a factor of 5 to illustrate its features.

andm is the mass of O.
In order to calculate an average survival probability with
Eq. (4) the resonance widthi(z), for each magnetic sub-

state and the angular and kinetic energy distribution for those
ions which are launched from the surface into the

o
vacuum must be known. The magnetic substates oh@ve
been shown to have rather different widfAsThe width for
the m,=0 state is substantially smaller than that figr= =1,

1
Sf(E)IE f S (E,6)dQ. (7)

This energy distribution function for the surviving ions cal-
culated from Eq(7) can be compared directly to TOF data
for the sputtered O. Such a comparison is shown in Fig. 5,

which implies that them, =0 substate is the more likely sub- where the TOF data have been converted to represent a ki-

state to survive as a negative ion as it leaves the surface. Ametic energy distribution. The experimental results are for an

estimation of the angular and kinetic energy distribution wagmpact energy of 250 eV and an oxygen dose of about 50 L.

chosen to be of the form The parameters in E@5) for S(E, ) have been adjusted so
as to bring the calculate8(E, ¢) into rough agreement with

_ _E o2 this observed TOF distribution. The energy distribution is the
S(E,0)=| aE exr{ 70 ) T an Ut EGya|c090)- gatistical sum of all then, substate distributions with the
(50 parameterd)=2.1 eV,a=0.6, and5p=0.59.

This type of distribution function has been discussed previ- A few caveats concerning the *fit” illustrated in Fig. 5

ously by others8 The second term is descriptive of the en- are in order. First, there is no way for us to accurately set the

ergy distribution based on a linear collision cascade modefS"0 of the kinetic energy scale. This is due to a lack of

The first term mimics the energy distribution associated withprecise information about various delays associated with the
gy optics of both the Naion beam and the sputtered” Gons

the _§pqttering after_ the coliision cascade reache; a thermg hich pass through the lens system, as well as the quadru-
eq‘%"'bf'”m producing a hqt spot or thermal sp_|ke from ole mass spectrometer, prior to detection. Secondly, there is
which ions can evaporate, i.e., the SP““e”T‘g Wh'ch oceur learly some time dispersion of the sputtered iOns owing
322:1 Trgitsgrrtgg gotwsr}gi'g:;em 'It'r;fa Ig)%?f?éliggtpiﬁrtifrl:czsﬁo .the fa_lct 'ghat diﬁerent_sputtering angles lead to different
which precedes the cascade t.erm is chosen 1o insure th?rgljectorles in the extractlpn lens stack and beyond. \.Ne.have
S(E. 6) is properly normalized R way to account fo_r e_lther_of thes:_a effects at thls_ time.

éiven the launch distributio'rS(E ), the survival distri- Conseque_ntly, the Pr incipal |nfo_rm_at|o_n conta|_ned |n_the
bution function is then T TOF data is the full width of the distribution function, w_h|(_:h

is about 5 eV. Even that should represent an upper limit to

the true width of the distribution function because of the
aforementioned dispersion. The distribution function,
S (E,0), calculated for them;==*1 magnetic substates of
O~ leads to a full width somewhat larger than 5 eV. How-

S (E,0)=S(E,0)P, (E,0). (6)

Averaged over all anglesassuming azimuthal symmejry
the energy distribution becomes
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ever, as easily seen in Fig. 5, these magnetic substates cdnto the vacuum, and at the same time, a secondary electron
tribute very little to the total predicted Oflux. can be ejected. The condition for the emissiomothan O

Now let us turn to the issue of the average survival prob-and an electron from a single impacting Nis that the mag-
ability by integrating Eq/(7) over all ejection energies and nitude of the affinity level, at a distanaefrom the surface,
assuming a statistical distribution of magnetic substatesye at least twice the work function. Fo3), this can occur

Then the total survival probability is for z<2.5 a, since the affinity level of @9S) lies ~4 eV
1 . below that of ground state oxygen(®).?° At z=2.5a,, the

Poc= o > f S..(E)dE. (8) magnitude of the affinity level of 3S) is 8.4 eV, i.e., twice

3m=0-1Jo ™ the work function of Al. The formation of O, by either

We have choseS(E, ) to be a normalized function such reésonant or direct transfer of a metal electron t3Sp can
that provide sufficient excess energy to enable an additional elec-

tron to escape into the vacuum. For resonant transfer, an
ni2 (o ] electron tunnels from the metal to the Qracancy, and a
ZWJO JO S(E, 6)sin(#)dE d6=1. (9 nhole will be created in the conduction band and subsequently
filled. The energy released by filling this hole can be trans-
HenceP, will be the average probability that a sputteredferred to a second electron which may be ejected into the
O™ survives as such. The resulting valueRyf; from Eq.(8)  vacuum if the deexcitation energy is greater than the work
is 1.2%. It is interesting to note that this figure is quite closefunction. Similarly, the O vacancy can be filled directly by
to the observed Osputtering yield for a moderate coverage an electron from near the Fermi level which can release
(50 L) and at a moderate collision ener¢@®50 e\). Thus, enough energy to eject another electron. With either method,
assuming that the model provides a reasonable approxim&oth an O and an electron can be ejected from a single
tion to reality, the total sputtering yield of oxygen atoms andimpacting N&. The probability that the departing Owill
negative ions is predicted to be one per incident \an for  survive intact en route to the vacuum is described, of course,
these conditions. This result is both plausible and similar tdy Eg. (8).
that found for other sputtering yields at comparable impact The cross sections for the charge transfer reactions given
energie$:10.24 in (10) have not been measured. The probability for forming
0O(*S) should be small at low collision energies owing to the
B. Secondary-electron emission large separation between the potential energy of the products
Na®’S)+0(*S)} and that for the Coulombic reactants
a"+07} which develops as Naapproaches O Thus,
glthough the asymptotic energy defect for forming'$) is
mall, the cross section for producing'®) will be small for
low collision energies and should increase with increasing

Secondary-electron emission appears to be correlated
the emission of negative oxygen ions as bdth(®,) and
Y. (0,) exhibit the same energetic threshold independent o
the oxygen coverage),, and both increase similarly with

e S e s rrohsee TP @Gy, n fact, he cross secton for ormingS)

with t?]/e oxygen coverage of the sfm‘acéJ at low i?/npact enerE:an be anticip_ated }o increase in a manner not unlike that

gies. Y. (®) continues to increase with impact energy obseryed forY ¢ (E) m_the present experiments. .

Whe.rea;Y‘(S@)) appears to approach a limiting value As: Evidence supporting _the suggested mechan!sr_n for
o\®s) app PP Imiting ' econdary-electron emission can be found by examining the

stated previously, secondary-electron emission cannot be

tributed to potential or simple kinetic emission, nor can it esults in Fig. 4 in a slightly different manner. The
P ple. - . ; electron-O ratio (Y . /Y g, or the number of secondary elec-
result from an electron detaching from Qs the ion exits

. trons ejected for every Q is shown in Fig. 6 as a function
the surface, since the electron would un.do.ubt_e'dly return t f the oxygen exposure of the surface. For small exposures,
the metal due to its image charge. The similarities observe

= - e ratio is small, viz~0.2, but there is a strong dependence
for ¥ (@S) andY.O(S) lead us to suggest another PrOCESSyt the ratio on the oxygen coverage for exposures up to
to explain the emission of secondary electrons from Al sur

faces at low impact energies ~100 L as more electrons are being ejected for every O
The prev\\/lic;usl?ly descrig:ad .mechanism for the neutraliza§pUttered' Aslthe oxygen coverage increases, the probability
tion of Na" via direct charge transfer from the Qesiding for forming O'S) via charge transfer with Nawill increase

n th f rovides the most viable mechanism for thas will the corresponding probability for secondary-electron
on Ihé surtace provides theé most viable mechanism 1or g ,iqqi0n As there are several mechanisms for direct sputter-
emission of a secondary electron. Charge transfer reactio

for binarv collisions of N& with O- can result in around I’i'ﬁg of O which do not involve the initial neutralization of
and (Iaxci%/ed stlatle oxvaen Wi uit in grou O™ (and hence do not provide a mechanism for ejecting a
Y9 secondary electronthe ratioY . /Y5 will be expected to

Na*+0~—Na+O(P)+3.6 eV increase until surface saturation is achieved for exposures in
the neighborhood of 100 L. This is in fact observed to be the
—Na+O('D)+1.6 eV (100  case.

It was mentioned earlier that the work function for Al/O
—sNa+O(1S)~0.5 eV, decreases by about 0.2 ey for exposures of 50 L and remains
constant thereafter. As discussed in Sec. Il above, care was
where the asymptotic exothermicities are listed. An excitedaken in the present experiments to minimize changes in the
oxygen atom, recoiling toward the surface, can then initiate avork function which will result from Na sticking to the sur-
process by which O is formed again and possibly ejected face. However, by exposing the surface to the' s@am for
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minum surface at impact energie00 eV have been mea-

0.8 - 4 sured as a function of the oxygen exposure of the surface.

| RS W & a These yields clearly are found to be strongly dependent upon
0.7 L i the oxygen coverage of the surface. At all the impact ener-
) -

gies and exposures investigated, the primary negative-ion
species is observed to be Olt has been shown that the

06 | yields exhibit a similar, marked increase with oxygen expo-

0.5 L | sure at a given impact energy, and that the yields share the
.8 same, exposure-independent energetic threshold. These facts
§ oqa] i suggest that the emission of negative oxygen ions and sec-
o5 ondary electrons is correlated. A simple model, based on
DN calculated affinity levels and widths for Qin front of an

037 l aluminum jellium, has been employed to describe the sput-

02; tering of O". This model can be adjusted to reproduce both

the ion kinetic energy distribution and sputtering yield which
are compatible with those observed experimentally. Addi-
0.1 ] tionally, a mechanism for secondary-electron emission
i 1 coupled with the simultaneous sputtering of @rising from
a single impacting ion, has been suggested. This mechanism
involves recoiling @'S) atoms formed via the neutralization
O, Dose (L) of the incoming Na directly by an O which resides on the
surface. The recoiling &s) atom can form O again in an
FIG. 6. Electron-O ratio, Y¢/Yo, as a function of oxygen adequately exothermic manner to simultaneously eject a con-
exposure of the Al surface at a fixed impact energy of 250 eV.  duction electron into the vacuum. The probability that this
O is sputtered as a negative ion is dependent upon its exit
an extended amount of time, we can ascertain the impact ofelocity. Although other mechanisms might explain
a Na-altered work function on the yields. Such measuresecondary-electron emission alone, it seems unlikely that
ments show that a Na-altered work function has the oppositavo unrelated mechanisms, one for the desorption ofa@d
effect on the ratidf /Y5 : the ratiodecreasesis the work  another for the emission of secondary electrons, would have
function decreases due to Na coverage. Hence we canntiie same energetic threshold and a similar dependence upon
attribute the variation observed in Fig. 6 to an oxygen-altere@xygen coverage.
work function.
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