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ABSTRACT-

Electron energy loés'structﬁres of Al and In core;ié;el photo-
emiséion spectra, ih particular éurface-and bulk plasmoh.losses,‘have
Beeh investigated as functions of photon energy (i.e., photoelectron
kihétic energy). These studies utilized synchrotron radiation to
proﬁide a variable photon source in the ultra-soft x-ray region, thus
allowing these loss procésses to be studied at photoeigctfon kinetic
énérgies for which the mean ftee path of the electrohé;is at a minimum.
The Al.plasmon loss struéture was also studied with soft xFrAY radiation
in an angle-resolved mode, allowing the variation of effective phéto—‘
electron sampling depth with different electron take-off (collection)
angles. These results for the relative intensity of the bulk ahd sur-
face plasmons as a function of electron kinetic energy and electron
egit angle are in quaiitative agreement with the ptéaictions of éunjié
and éok&evié. The cdreflevel binding enéréies 6fvé£;%ace atoms - have
also been studied with the result that no signifiééﬁ£-shift has been

observed with respect to bulk-atom core levels.
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I. INTRODUCTION
. In the past several‘years photoemission spectroscopy (PES) has
become a widely used probe of the electronic structure of solids, with
increasing emphasis being placed on the surface capabilities of this

and other low—enetgy electron spectroscopies. Our understanding of

5 . :
'®  For heuristic purposes, the photo-

phofoemission is still developingf
emission process in solids may_be explained in terﬁs of the three-step
modéi discussed by Berglun@rand Spicer.7 Within the framework of |
this model, the first step:(electron photoexcitation) is rgsponsiblé
for the observed peaks in a.pho£oe1ectr¢n spectrum.m‘fhé other twé
stépé (transportvthrougb thé'éolid and escape into vacua) contribute
‘thé background of eleptrons‘scattered out of the main peaks. However,
" these background effecﬁs, such -as electron~hole’coupling, plasmon
exdiﬁétions, collisionally induced inter—band trangitions, etc.8’9
contribute structure to the phétoélectron spectrum which may, as in
the case of free—électro‘n-like'met'als,lo contain more spectral inten-
sity than the main photoemissidh.peaks.

The study of this background structqre, especially'plasmoh loss
peaks, yields importantAihférmation abouf"the electfonic structure
of solids.11 Surfa¢e(§nd.bu1k plaSmon frgquenciés‘afe easily deter-
mined via PES.  Recent studies of plasmon satellites have relied oh-v-
intgnsity analysis'to determihe the importanée of intrihsic versus
e#trinsic procésses in‘plaSmonlexcitation.lz_lS iThis péper.is con-
_ cerﬁed mainly with the felation of experimentally observed plasmon

loss intensities to the‘inelastic mean free path_(Aee) of photoelectrons

propagating through a Sémple}
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" 'In this work, surface and bulk plasmdﬁ loss intensities normalized
fo the méin peak intensity were studied in the PES spectfa of Al and In.
The variations of these relgtive intensities were studied as funcfions
of elec#foh take—off(for Al only) and electron kinetic.energy Eo (which
we were able to vary due to ﬁhe availability of a synchrotron radiatisn
source).} These twq parameters determine the éfféctive sampling depth
for the;photoeiectrons which escape into the vacuum. During the course
.of fhese studies, we also attempted to detect possible binding energy
vdiffe;epcgs between bulk and surface aﬁoms; however, no binding energy
shiftsiwere observed. Section IT éresents the experimentai details of
this investigation. The results for Al and In bulk ahd surface plasmon
intgnsities are reporﬁed in Section III and aré compared with theoretical

¢

predictions in Section IV.

IT. EXPEﬁIMENTAL

" The photoemission measurements reported in this paper werebper_
formed iﬂ twq separate experiméntél chambers. The measurements involv-
ing eleétrontake—éff angle were coﬁducted'in a specially modified Hewlett-
Packard ModelvHP 5950A electron spectrometer16 which utilizes a mono-
chromatized.Al Koo (hw = 1486.6 eV) radiation source. The disperéion
compensation lens system has an electron angular acceptancé'cone of
approximately 15 msterad,17 which is sufficiently narrow for our angle-
resolvéd‘studies. The details of the angle variation procedure have
5een previously reported.18 The measureﬁents dealing with plasmon
intensity variations due to:changes in initial electron kinetic energy
were per formed iﬁ an ion-pumped UHV sfainless steel bell jar system

installed on the 4° station of Beam Line I at the Stanford Synchrotrxon
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Radiation Project (ssrp) .12

The photon source was synchrotronvradiation
from'the electron-positron storage ring SPEAR at the Stanfora Linear |
Acceiefator Center (SLAC). The rédiation was monochromatized and the
photon énergy was varied by a grazing incidence "grasshoppe;" monochrom-.
atofﬁzo Photoelectrons were energy analyzed with é double—bass cyiindri—
cal mirror analyzer. (CMA),‘Physical Electronics Model PHI 150255G.
Thejexperimental geometry is shown in Fig. 1. Note that the experi- -
mehﬁél geométry was chosehvto integrate over electron take-off angles
bétween normal and grazing escape. .

A freshly evaporated aluminum film was used in the angle variation
sfudies. Possible carbon and oxygen contaminants were monitored by
scéhning the‘photoemissionVépect;al régions near their.respective 1s -
biﬁding éhefgies. Contamin;nt.levelsbwere below the detection sensi—
tivity of XPS, i.e.,léss than 0.1 monolayer. The Al sample used for
the.syﬁchrotrén radiation studies was an evaporated film from a 99.999%
pure foil on é stainless steel substrate.. Répeatéd depositions_of Al
were fequiréd to minimize.the intensity of the oxide satellite of the
Al 2p peak. 'The base pressure of the system wés€< 2 X lO_lQ fo;r and
" the relative inténsities of the Al 2p énd its oxide satellite did not
change during the 26 hour duration of the experiment."The‘in sample
was cut froﬁ an ingot of 99.999%'pure‘1n. The saﬁple was mechanically
- polished, then etcﬁed in wérm aqua regia immediately prior ﬁo installa-
tion.in.the‘experimental chamﬁer. The base pressure in the chamber was

)
1 x 10—9 torr, as no bakeout was performed. The sample was Ar+ ion-

bombarded briefly to remove surface impurities. The In spectra revealed

no core line shifts due to contamination.
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In order to analyze the relative intensities of the core peaks
and plasmons, the spectra were least-squares fitted to gaussian peak

21 The overall spec-

‘shapes plus a background using the prégram GAMET.
tralhbackground and individual peakvtail functions were chosen to
yield a Best fit to the.experimental data, and do not ﬁecessarily
represé#tla justifiable separation of physical effects (i.e electron-
holé'ébﬁpling) from the main peaks. However, processes causing peak

asymmetries should be self cancelling when considering relative inten-

sities.

ITI. RESULTS

Surface sensitivity enhancement in XPS via '’
low electron take-off angles

1. Variation of effective electron escape depth with electron take-off

ahglé.

In 1969 Harris22 showed that the surface sensitivity in Auger
electron emission is enhanced by using low electron take-off angles ¢. -
Enhancement of surface sensitivity in XPS by this technique was first

23 24 : '
demonstrated by Fraser et al. and by Fadley et al. Subsequently
Fadley and cb—workers'have carried out detailed studies qf the effects
of such parameters as surface roughness on thé ¢-dependence of XPS
spectra.}z5 In this section we present data illustrating the surface
"enhancement effect for the 2s line of aluminum at XPS energies.

Values of the electron attenuation length-Aee have been measured
for a variety of solids by the use of such methods as -overlayer depo-

S 26-29 - . . .
sition. For XPS photoelectrorns from loosely-bound orbitals (kinetic

energies ~ 1000 eV), the Aee values lie in the 15-30 & range. Thus in
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_ no?mai emisgion the effective sampling depth A;e is 5—16 atomic layers.
In'Fig. 2 we iilustrate fhe relation between A;e and ¢, defined as. the
.anélé:betweén-thé electron propagation diiection and the sample plane.
Cleariy, |

A= Aee sin ¢ . o ‘ (2)

ee

Thus‘for Aee ~ 15-30 R, observation at practically achievable angles
(¢ ;/50-10°) will give very high surface sensitiVity.
Figure 3, which shows the Al 2s spectra taken at ¢ = 7.5° and

¢:=‘51.S°_f;om the samé Al film, demonstrates this sensitivity. The

Al film was freshly evaporated from an Al charge which was not completely
'outgasséd (the measurement at ¢ = 7.5° was obtained before that at

¢ ¥.51.56), Spectrum (b)_shows just one peak with an asymmetry to
higher binding energy which is often seen in metals and generally attrib-

uted to electron-hole coupling.30'31

However, spectrum (a) clearly
reveals two beaks, one due to the metal and one due to a surface oxide.
In the case of Fig. 3, tﬁe Surface sensitivity of spectrum (b) was in-
creased‘by apprdximately a factor of six 6ver that in spectrum (a).
Thus Aee in XPS can become as low as 2 R or nearly one atomic layer.
Such surface sensitivity enhancement should be of great utility in
inVéétigating surfacé phenomena and in differentiating between surface
apa pulk contributions to XPS spectra. This‘is é practical method of

depth profiling in a non-destructive manner, i.e., without having to

ion-sputter.
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2. Angular dependence of Al 2s surface and bulk plasmon loss relative

infensities;

_Fiqure 4lshows the Al 2s spectral region from an evaporated metal
film in XPS meesurements at three different takeoff ahglee. The spectra -
show only fhe Al 25 core-level peak and the first surface and bulk plas-
moﬁ peaks. The binding'energy of the Al 2s peak was measured‘to be
117.85 erwith reepect to the Fermi level of Al. The surface and.bulk
piasmoh'energies, 10.5 eV and 15.2 eV respectively, agree with previously
fepofﬁed &alues (Ref. 12) and do not vary with take-off angle.

Inebection of Fig. 4 shows that the.surface plasmon loss peak
intensity increases greatly relative to both the primary peak and the
bulk plasmon peak as the electron take-off angle is decreased. This
is to be expected because at low ¢ the escaping photoelectron has a
lower component_of velocity normal to the surface and thusvspends more
ﬁime in the surface leyer than an electron wiﬁh,higher ¢. The bulk
plasmon beak intensity felative‘to the primary peak decreases only -

.eiighfly.at lower ¢. These observafions will be discussed in more
detail in Section IV.

3. Ultrasoft x-ray PES measurements: surface sensitivity variation

as a function of photoelectron kinetic enexrgy

The well known "universal cuf?e", Fig. 5, illusfrates the variation
‘of electron attenuation length, or mean free path, with kinetic-energy
for nearly all materials for which these determinations have been made.32
The strong dependence of Aee on Eo suggests.that PES experiments could

be performed utilizing different photon energies to selectively probe

the electronic structure of solid surfaces; i.e., photon energies would
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be qhosen such that the photoelectrons from the peak being studied would
have a'kinetic energy qorrésponding to the miﬁimﬁm possible Aee' Unfor-
tunately, thgre are.too few discretebphoton‘sources to carry out exten;

" sive measuréments of this type (Fig. 5 shows the main laborafory sourées
now iﬁ use in relatioh to the universal curve). However,-synchrotron '
radiatioﬂ provides an intense.source of continuous radiation.throughout.
thé‘rangé of intefest; With proper monochromatization, it is possible
to obtain spectra throughout the universal curve and in particular in
£he hqstrsurface-sensitivé region.

We have carfied out such experiments for the 130 eV < hw < 280 eV
phdfon energy ranée ﬁsihg sYnchrotron rédiation to study'the Al ép peak
ahdeith_éo ev S hw < 180 eV‘for the In 44 peak. These éxperiments were
performedih an angle-integrated mode; i.e., utilizing the full acceptance
cone of the CMa, dué to the low count:rates in the plasmon loss peaks.
The.spectrayfor.the Al 2p regibn incluaing'the bulk (ﬁ) and éurface (s)
4_plésmons are given in Fig. 6 for severalbphoﬁon energies near thevmini—
mum of the universal curve. As caﬁibe seen in these spectra, the fiim
is somewhaf oxidized. Fbr comparison, the Al 2p spectrum ébtained at
XPS ehergies is given in Fig. 7. The surface and bulk plasmon energies
were.independent of pﬁotoélectron kineﬁic energy. Representative sﬁectra
from the In'4d region aré shown in Fig. 8. We determined a value of
3.46 * 0.24 eV for the work function of In. The surface and bulk.plasmon
eneigies (8.6 and 11.7 eV respectively) displayed no measurable dis-
persion. The In 4d.XPS spectrum (after Ref. 12) is shown in Fig. 9

for comparison.
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4. Bindihg energies of bulk atoms vs. surface atoms

‘Befcre discussing the plasmon inrensity variations, we mention
scme'ancillary resuits obtained during and rn ccnjunction with the
blasmon studies.' One question of importance in surface electronic
etructure is whether or nor the core—level binding eﬂergy of a surface
atom is different from the‘core—level binding energy of a bulk étom. '
Thé'éurface sensitivities achievable by our techniques should illumi-
‘nate thie point..

Differences between bulk- and surface-atom binding energies have
been pcstulated on the basis of some appearance potential spectroscopy
(APS) measﬁrements on Ti, Cr, ‘and Ni.33 Tﬁese APS measurements sug-
gestedve‘difference of approximately one eV and that the surface aroms
had the:lower binding energies. Larer APS measurements by Webb and
Wiliiams34 disputea this observation. Such a 1arge binding energy dif-
ferené¢e should be easily observed in surface sensitive PES measurements.
We ‘have.conducted a variety of experiments in an attempt to'observe.
surface atom binding energy shifts.

Several XPS spectra were taken of core-levels of Al and Ni films
which were freshly evaporated igr§igg'gnder UHV conditions. These
films exhibited no sign ofvcontaminationvas revealed by iﬂ_gigggchemi—
cal aﬁalysis of core-level spectra of possible common coﬁtaminenrs.
The.measurements at low (¢ = 7.50) and high (¢ = 51,50) take;off angles
found no evidence for a difference between surface and bulk binding
energies, referenced to the Fermi level, within *0.15 eV. The low
angle spectrum of Al (Fig. 4), 4id reveal a shoulder due to a minute

amount of surface oxide (<.05 monolayer).
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In our synchrotron radiation studiés, the binding energies of the
In 44 éeaks with respect to the In Fermi ievel showed no discernible
photon energy dependence. Also, there were no observable satellites
att;ibutable to surface atoms in the high resolution spectra taken of
thg In.Ad 1eveis at surface sensitive electron energies. Further evi-
dénqe against large binding energy shifts of surface atoms came in
anéle—resolved35 studies of the 4f levels of a clean platinum (111)
sinélé,cfystal surface. These studies utilized different photon ener-
gies and electron take-off angles to vary the effective photoeleétron
sampling depth. As in the other experiments, there were no observable
vsatéllites or binding energy shifts in the most surface sensitive PES
spectra. The lack of a core level bindiné-energy shift between sur-
face and bulk atoms is surprising if one attempts to understand the con-
densed4phase core-level binding energies in terms of‘free-atom values.
jhére‘are large shifts (5-101¢V) from free atom values for condensed-
_ phasejbiﬁding energies.36 Thése shifts are usually explained as aris-
ing»f;om combinations of differences in initial-state charge distribution
and extra-atomic relaxation. Apparently these initial and final state
- effects are either very small or cancel each other to a large extent.
Further theoretical developments and experimental results are required
to determine the nature of such eleétronic structure and perhaps iso-
late cases in which significant binding energy shifts due to atomic

location exist.

Iv. DISCUSSION

1. Angular dependence of Al plasmon loss intensities
A general review of plasmon excitations in solids was given by
v 37 . . . .
Raether. Comprehensive theoretical treatments of the relation between

electron mean free paths (MFP's) and plasmon satellite intensities
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were_gi&en by Feibelman9 and gunjié and éokéevié.ll The latter authors
have treated the specific example of plasmon loés.structurebfrom the
Al 2p level. We shall rely heavily oanef. 11 as a basis for the inter-
pretation of oﬁr data.

If we assume that the bulk plasmon excitation process is predomi-

nantly extrinsic and has the form (Ref. 13)

o 2
+
IB * >\B/(l XB/Aee) i (2)
Wheré ig‘is the first bulk plasmon loss to main peak intensity ratio,

Ap is the electron MFP for bulk plasmon creation events, and Aee is
thevMFF for all collision processes, we see that I; is independént of

¢ . A further simple assumption, that surface plasmon excitation
probabiiity is proportional to the amount of time required for a photo-
électronxto traverse the surface layer, yields a surface plasmon té
main peak ratiov(Ig) proportional to (sin ¢)._l Hdwever, Refs. 9 and
11 have shown that.the introduction of a solid-vacuum interface aiters
the local character of bulk kand éurface) plasmon excitations. Thus
surface and bulk excitation probabilities (QS and QB) become functions
of the electroﬁ excitation depth (L) and takeoff angle (¢) as well as
electron kinetic energy.

Figure 10 shows Ig and Ig as functions of Asr and ¢ for photo-
electroné excited from the Al 2p level with Mg Ka radiation (electron
kinetic energy =~ 1176 eV) where Asr is the MFP due bnly-to short-range
interactions (i.e. electron-hole creation). The values for I; and I1°

S

were generated by fitting plasmon excitation probabilities QB and QS of
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Fig. 5 in Ref. 11 to a series of line segments and performing the
intéération of Eqg. 21 in Ref. 11 analytically. Sihce éunjié and
gokéevié presented.piasmon excitation probabilities for only three
exit angles (¢ = 900, 500, and 200), we used interpolated énd extra-
pbléted QB and QS values to compute the plasmon intensity angular
dépéndence_from normal to grazing ¢. Thus Fig. 10 is presented.only
to indicate trends;

" Our experimental data, presented in Table 1, represent mainly
plésmon loss structure following the Al 2s peak using Al Ko radiation
aé an excitation source (kinetic energy = 1368 eV). HoWever,bwe are
still justified in compar;nglour expefimental data to Fié. 10 since Fig. 6
ahda7 in Ref. il show thathB and QS for Al aré insensitive to 200 eV
differences in electron kinetic energy above 1 keV. Baird and Fadley38
have measured Ig and Ig at 10° intervals from grazing to normal takeoff
angies'fOr Al 2p loss features using Al Ko radiation. In general, the
values we measure for plasmon loss intensities are greatér than theirs;
especially for Ig at ¢ =‘38° and 54° which are over a faétor of two
greéter in our measﬁrements. From Table 1 and Ref. 11 it is doubtful.
this discrepancy is due to the difference in photoelectron kinetic
énergies. A possible explanation is that the Al sample used ih Ref. 38
- had aAslight surface contamination or roughness which decreased the
'#urface plasmon loss intensity.

. Direct comparison of our experimental results fo Fig. .10 indicate
that the plasmon lbss probabilities QB and QS have beeﬁ underestimated
in Ref. 11. However, the ratio'ISYI: (which is more sensitive to Aee

andv¢ than either Ig or Ig) may still be correctly predicted. Figure 11
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(ig/Ig vé#sus ¢) was generated from our complete set of Ig and Ig cdrves
- S 039 . 0,0
taking Asr to be 25 A. Except for small angles, the resulting IB/IS
curve follows the sin ¢ prediction of the simple approximations mentioned
at the bgéinhing of this section. We also see surprisingly good agree-
ment between the three gxperimental values and the predicted,I;/I: ratios.
The main point of dis;greement between the predictions of Fig. 10
and ouf éxperimental results ié that the observed Ig ratio decreases
with decigasing ¢. That our éomputations pfedict the opposite behavior
is most likely due to our pgrameterization and extrapolation of the
resﬁltskdf Ref. 11. .Since.thé sin ¢ behavior of Ig/Ig is.valid over a
large ahgﬁlar range, the variation of bulk plasmon excitations from a
local proéess occurs only in a region very near the surface. For XPS
spéétra with a large effective sampling depth, the observed electron

loss spectra can be interpreted mainly in terms of a MFP due to local

bulk plasmon excitations and short-range excitations. From the slope

o , o , o .

of In (¢ = 90 ) for large Asr one can approximate AB = 42 A (AB is the
, , - -1
mean free path for bulk plasmon excitation). Thus, Aee = (Asi + AB )

or 15.7 i, which is close to the experimentally observed value of 18 A

from Ref. 24.

2. Kinetic Energy Dependence of IS and Ig for Al and In
E=J

o o
and I_ are shown

The variations with electron kinetic energy of IB s

in Fig. 12 for the Al 2p case and in Fig.13 for In 4d. All spectra
were angle-integrated. A detailed interpretation is not feasible because
no calculations are available which treat the explicit angle, energy, and

Aee dependence of Ig and Ig in the energy range of our experiments.
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'Despite repeated efforts, we‘were unable.to produce an oxygen-—
free aluminum sample in the chamber we used at SSRP; an Al 2p oxide
satéilite peak appeared in all our spectra with ~ 30% the intensity of
the main peak. However our Al plasmon intensities agree well with the
specf#é of S. A. Flodstrom, gE_gl:4o taken én an oxide-free sample at
féwef‘energies (see Fig. 12). The Al 1IMM Auger peak (evident at ~ 100 eV
uBinding ene:gy“ in the 170 ev photon energy spectrum of Fig. 6) renders
an'aécurate determination of I: and Ig impractical for photon energies
130 eV < hw < 170 ev. Alsé, for hw < 130 eV both a strongly nonlinear

inelastic electron background and rapidly decreasing plasmon intensities

o
B

[e]

s to their respective threshold

préclude accurate tracking of I_ and I

enérgies.'

- Figure 12 shows that for electron kihetic energies above 93 eV,
Ig:increases with energy_while Ig decreases. The calculations of Ref. 11,
whiéh were all for initial electron kinetic énergies 2 100 eV, showed
that the bulk.plasmon excitation probability decreasgs with increasing
éleCtron kinetic energy. This is consistent with our results if Aee
increases faster with kinetic energy than the bulk plasmon excitation -
probability decreases. Figure 7 in Ref. 1l also shows that the surface
plasmon excitation probability can increase or decrease rapidly in the
energy range around 100 eV, depending én the effective escape depth
Sampled. The observed slighf decline in intensity is most likely due
to sufficiently large (~'3i) and steadily increasing Aee for electron
kinetic energies between 93 and 193 eV. From Ref. 39 we see that Aeé

in Al is predicted to be a minimum (~ 3A) at 50 eV and rise to 6} at

200 eV, which is in qualitative agreement with Fig. 5 (the calculations
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of Kleiﬁman41 place the minimun of Aee near 15 eV and are thué not in
accord wifh experimental observations). At these low elect;on kinetic
energies much of the plasmon loss signal o:iginatesbin a region where
_the bulk'plasmon excitation process is non—loéal, thus requiring very
deﬁailéa‘éalculations to predict the angle and energy dependence of
the plééﬁbh loss peaks.

Thebobserved Ig/lg ratio forvAl at 53 eV is gréater'than or‘equal
to that in the range of 93-123 eV. By the considerations of'the'pré—
'cedihg:péragraph and Fig. 10 this would indicate that the hinimum in
Aee'occurs somewhefe betwgen 53 ev ana 93 eV kinetic energy. In this
case:a better determination'is not possible due to the Auger inter-
ferenée in the region of interest. Further complications in the inter-
prétatiéﬂ of plasmon intensity data may also arise due to elastic
electron scatteriﬁg from the surface potential considered in Ref. 29.

Thé predicted Aée for In is lowgr than fqr Al at all electron
kinetic éne'rgies,42 [=1e) sﬁrface effects should‘be more enhanced for In
over Al. Indeed, we bbserve, (Figs. 6-9) that the ratio I;/Ig for In
is much lower than for Al, although the bulk plasmon excitation
probability is smaller for In. Figure‘13 shows that Ig and Ig fqr In are.
nearly equal over the range of electron energies 53-123 eV, and change
little with energy. We observe a narrow energy region over which
Ig > Ig hw = 160 eV) and the intensities then invert (hw = 180 ev).
The elecfron kinetic energy of this very surface sensiti&e‘region is
around 143 eV, Which is near the bottom of the universal curve. How-

ever, there may be a resonant process which accounts for the apparent

narrow minimum in Aee which has not been explored theoretically thus far.
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V. CONCLUSIONS

This investigation has demonstrated that surface sensitivity in
PES.can be gre&tly enhanced by either using low electrén take-off angles
or By utilizing a.photon energy such that the photoelectron kinetic
enérgy is near‘the minimum of the "“universal curve". Further, the
surface sensitivity of a parficular take -off angle and energy can be
monitored by observing surface and bulk plasmon loss intensities. No
.differehces have been found 'in core—level.binding energiés of surface
and bulk atoms in Al, Ni, In, or Pt utilizing surface sensitive PES
measurements. The angﬁlar dependence of the bulk to sufface plasmon
ratios wég predicted quite well by éunjié and éokéevié.ll In principle,
if a set of theoretical calculations iike,those illustrated in Fig. 10.
were availablé for a complete set of angles and a series of électron
energies; angle resolved PES spectra at several different take-off angles
cou;d be used éo determine.the Aee versus kinetic energy curve for
materials with plasmon structure. The éccﬁracy of these determinations
depends on the quality of the calculated values, which may already bé

as good as experimental overlayer techniques.
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Table 1

Angular Dependence of Al Plasmons in XPS

~Plasmon loss structure. ' : Take-off angle
[+] [+ [+
54 38 7.5
o
Al 2p IS . 0.17(1)
e ‘a0 - : .
: Al 2p IB : 0.57(2)
Al 2s I ©0.11(1) 0.14(1)  0.22(3)
o

Al 2s I . 0.55(2) 0.58(3) = 0.46(6)
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FIGURE CAPTIONSb

Experimental geometry for the experiments éerformed using
the storage ring SPEAR as a source of syﬁchrotfoh radiation
is shoWn. Thé éngle of the samﬁle with the CMA syﬁmetry axis
was chosen to haximize the count rate with the angle between
the.incident photon beam and the.CMA symmetry axis fixed.

The cross—hatched.aréa illﬁstrates the acceptance cone of

the CMA.

The expérimental geometry for the XPS angle resolved experi-
ments is shown, illustrating the concept of effective sampling
depth, A;e (Egq. 1). The photon source, monochromatized Al Ko

radiation, is fixed with respect to the electron analyzer.

The XPS spectra of the Al 2s region of an oxidized evaporated
film is shown. The oxide peak-is greatly enhanced at low
take-off angle because of the increased surface sensitivity

with smaller effective sampling depth.

The Al 2s spectral region as a function of take-off anglé
obtained using Al Ko x—rays. Note that the spectrum ﬁaken
at ¢ = 7.5° shows a slight shoulder at higher binding energies
due to oxide doﬁtamiﬁation, even though a scan of the 0 1s

region revealed no detectable signal.
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This is a representatibn of the universal curve — the electron
attenuation length (Aee) as a function of electron kinetic

energy. Supérimposed on this plot are discretevlaboratory‘

photon sources which are commonly used in PES.

The Al 2p spectral region at various photon energies in the Sl
ultra-soft x-ray regime. The in situ evaporated AI film had
an oxide component, seen as a shoulder on the Al 2s peak at

higher bindinqbengrgy. The spectra broadén at‘hiqher photon

- energies due to the degradation of the monochromator resolu-

- tion.

_The Al 2p. spectral region obtained with Al Ko (hm ~ 1486 eV)

radiation is shown for a takeoff angle of 38°.

The In 44 spectral region obtained at various photon energies

in the ultra-soft x-ray regime. Note the change'in plasmon

loss peék intensities between 160 eV and 180 eV.
The In 4d spectral region obtained with Al Ko radiation.

This.figure'shows the predicted dependence for Mg.Ka excitation
of the firétvsurface and first bulk‘Al 2p plaémon loss peak
iﬁtensities’normalized to the main peakA(Ig and Ig) on take-off
ang;é.and Asr’ the -mean free path for short range inelastic

collisions.
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Variation of the surface to bulk'plasmon ratios (I;/Ig)»as a

function of electron take-off angle¢ is shown:. The solid line

"is the predicted ratio variation from Fig. 10 assuming an

electron-Aee of 25 i. The dashed continuation of the solid
curve is proportidnal to sin ¢. Experimental values obtained
in this study are shown with error bars to denote the uncertainty

in the plasmon peak intensity determination.

Variation of the normalized Al bulk and surface plasmon loss

peak intensities (Ig and Ig) with energy (bottom). The filled

g and IZ respectively from

this work; the filled diamonds and squéres represent the data

of Ref. 40. The top portion shows the ratio Ig/Ig (filled

~ circles from this work, £illed squares from Ref. 40).

The variation of I;_(filled circles) and Ig (crosses) for
plasmon losses following the In 44 peak as a function of

photon energy. - o Sk
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