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AUGER SPECTROSCOPY ON SURFACES
G. A. Somerjai and F. J. Szalkowski
Inorganic Materials Research Division, Lawrence Radiation Laboratbry

. Department of Chemistry, University of California
Berkeley, California

Introduction

Definitive studies of surface reéctions and a variety of other sur-
fgce properties (vaporization, phase‘transformation; surface diffusion)
require that we obtain detailed information aboﬁt the atomic surface
structure, the chemical compositioh of the surface,and the concentration
of the differént surface species at all stages of the experiment. Low-
energy eiecfron difffaction studieé (the.analysis of elastically back-
scattered electrons from surfaces) using single crystal surfaces are

(1)

carried out to determine thevatomic surface structure. The analysis

of inelastically back-scattered electrons from surfaces that have charac-

teristic energy losses can provide ﬁs ﬁith qualitative and quantitative
analysis of the surface chemical composition. Auger electron spectroscopy
(AES), which has recently been developed, analyzes the energy distribu-
tion of electrons emitted from & surface following,excitation by an
incident electron_beam of moderate energy (1000-5000 eV). The peaks in
the emiésion spectrum which appear at characteristic energies identify
the various éurface atoms and from the intensity of the peaks the con-
centration of a given type of surface atom can be obtained.

Auger electron spectroscopy provides us with a sensitive experimental

tool for surface chemical analysis. It is sensitive to the presence of
13

~

surface atoms in quantities of less than 1% of a monolayer (= 10 atoms/cmz):

The analysis 1s non-destructive; it can be carried out in relatively poor
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facﬁﬁﬁ:(< lv()‘-"'h torr), équéliy_w§1l using.crystals;.thiﬁfpolycrystailine
v.foilgg'?bwdefs;ﬁorGiiquid$;  Qualiﬁﬁtive'and quaﬁtitative surface chemi-
céi anéiysis may be‘égfriéd out.di?éctiy‘oﬁ:ail e1éménts in the periodié
,table‘(ekcept hy&rogén‘ahd?heiipm);.thejtecﬁﬁiqué'is sensitive to atoms

of low géomic nuﬁberg for whi§h X;ray‘methods cén'not_p:ovide deﬁaiied :
chemical infcsr.mati_‘én.; FIOrile.,may.distinguishv ;o,étween' atoms in the surface
aﬁd.bulk étoms.using-AES,t The_Qxidation state§.pf,atoms may be identified
by,the éﬁeréy‘shift of the _Augef.eieétrpn distriﬁuions (chemical:shift).'
Iﬁ genéiél,:AES apbears;to be_égnsifive to tﬁe:chemical énvirbﬁment about

surface atoms. -

f-



The'NatureQOf'Auger Flectron Emission

When an energetié beam of électrbns;or X-rays (1000-5000 eV) strikes
the atoms df a métefial, elécfrons which have binding energies less than
the incident beam energy may be ejected from_the inner atomic levels. By
this prodéss.a sihgly ionized excited atom is created. The eleétron
vacancy thus formed is filled by de-excitation of électrons from higher
electron eneréy states that fall into the vacancy. The energy released
in the resultihg electronic transition can, by electrostatic interaction,
be frénsferred to still another electron (in the same atom or in a dif-
ferent atom). If this electron has a binding energy that is less than
the de—excifatioﬁ eﬁergy transferréd-to it, it will then‘be ejected into
' vacuum, leaving behind a doubly ionized atom. The electron that is ejected
as a résult of this de—eXcitation process isvcalled an Auger electron and
its energy is primarily a fﬁnction of the energy level separations in the

(2)

atom. In Fig. 1 the Auger mechanism of de-excitation is'illuétrated

in a\schematic diagram of the electronic band structure of a typical

metallic solid of atomic number Z. The shaded areas represent the filled
portions of the bands, threé of which have been designated by the general-

.ized potation Wé, Xp, and Yq with the respective mean energies -EWO(Z),

‘—EX (Z),.and —EX (z) relative to the chosen zero of energy, the Fermi energy.

¢é ?s the work f&nction\of the crystal. In drawing the schematic diagram

it is assumed that an electron vacanéy‘has already been produced in theiwo_band.
If an elébtron from the Xp band fills that vacancy, energy of the magnitude
By, ) = ([ (2] - [-E;Jo(z)]} < (2) - B () s relewsce.

If this energy is transmitted to an electron in the Yq_band it must lose

[+EY (z') + ¢éﬂ' of ‘energy in order to& escape from the crystal; i.e.
q .



d[?w:(Z)¥ ixv(Z)] > [+EY (Z') #+ ¢ ] Thus the b1nd1ng energy (relatlve

~to the vacuum level) of the electron 1n the Yq electron‘band must be :
smaller than the energy transferred to 1t in the de-excitat1on process
.for Auger electron emlssion to occur. The emltted electron appears at

the collector outside the crystal with the energy

- - Ry t). o :
wayw) Ew(z) Ex(z) Eyq@_).,%_,,.é.-, @
relative to the crystal Fermlenergy. The term EY (Z') has. been used
q R
1nstead of EY (Z) because the latter refers to the energy level of the

, “q
singly ionlzed atom and after the Auger electron is eJected we have es-

*
sentlally a doubly ionized atom : The Auger electron thus emltted
has kinetic energy Ew XY (Z) that is associated Vlth what is commonly

opa ,
vlabelled a W XPY Auger process.

(2) |

It has been postulated that EY (Z') is the 1onlzat10n energy of an
-q
electron from the Y band of the z¥ ion and so E (z' = EY (z+1).
e rewrlte Eq. (l) as. . , - _
oo EW pr (z) = Ew (z) - Exl;(Z)" E!g‘(z*f‘”", ¢ - (1)

‘where 6 ‘is some incremental charge,,ln most cases the observed Auger en-
vergles have been 1ntermediate between those calculated using Eq (1a}

vith & =~Q and 6 =
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The rate of a particular Auger process is determined by the energy
transfer probability between’electrons in the various energy leveis. It
shéuld be emphasized here that the inferaction betweén electrons that
participate in the Auger process is essentially electrostatic in nature
with theoretical Auger transition probability calculations requiring the

(3)

evaluation of the transition matrix elements, WA’ of the .form

5 -
W, = %"'i_fflffwf*(rl) wff(rz) Tl;i—_—lzl wi(rl)wi(re)drldr2|2 (2)
where ¢i(rl),wf(rl) are the initial and final state wave functions of

the first electron, and ll)i(r2),l,bf(r2) are the initial and final state

wave functions of the secénd electron.

The angular momenta coupling schemes effectively describe the process
(even though magnetic interactions do not constitute the driving fofce for
Auger transitions) because the relative electron positions of Eq.l(2)
which determine the interaction are Quantized according to the magnetic
fields produced by the electronic spin and orbital angular momenta.

It shéuld be noted that at the present state of develbpment of Auger
spectro;coPy, the assignment of an onqu process to an observed transition
is tentative since it is based on the agreement obtained when compared
with calculated Auger transition energies. The assignment of an experi-
mental peak to an Auger transition can be verified by applying additional
experimental tests. These are:( k)

1) Changing the incident electron energy, Ep,across the threshold

‘for ionization of the W, shell, EW (Z)., The appearance of Auger transi-

(o]
tions that appear at Ep > +E (Z) indicate that the W_ shell participates
o)

in the Auger process., The experimental Auger electron energy also assists




in ..de't'erminj;ngj WOISince way _(z) 3 Ew (z)

v_,2)' The Auger peak shape and 1ntensity fof the same- trans1tlon can
be. expected to remaln falrly constant for ne1ghbor1ng elements in the
perlodic table.’ Therefore, tran51plon5‘ehould be,aselgned to reflect the ‘
_ smooth varlatlon of enefgy of-ﬁhe cCre statee‘of neighbcring atoms.

»3) Peak shape and intens1ty could be expected to 51gn1f1cantly
'cnange w1th changes of chemlcal state (valency) 1f one.or more valence
band electrons are 1nvolved in~the transition. ‘Such marked changes in ‘.”
the Angen spectrum'idenﬁifyﬂvalence'elecfron:participation in‘the

transition.
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- Nomenclature Used in Auger Electron Spectroscopy

and Calculation of Transition Enérgies

An electron drbiting around the nucleus induces a magnetic field,
the inténsity and direcfion of which deﬁend on the electron's Velociﬁy
aﬁd orbital radius.( 5) _Theré is also dn inherent magnetic field associated
with an electron; depending oﬁ the direction of ité spin. ‘The fields
produced are commonly referred to asvreéulting from the orbital angular
momentum i; and the spin angular momentum, gi of the électron, i.' These
individual electron spins and angular moménta are vector quantities and
their sum gives thg total electronic dngular momentum, Ei = Ii‘+ gi’ for
an isolated électron. For high atomic number elemehts, it has been found
that the electronic interactions are well described by the sum over the
individual 3i's to obtain the tqtal atomic angular momentum jj—j= ? }i'

In this case, it is said that the electron-electron interaction obeys

j~j coupling and the individual electrons are labelled according to the

traditional X-ray spectroscopic notation as follows:

X-ray Electron >
symbol energy state Electron j
K 1s - 1/2
L, | 2s 1/2
L, 2p 1/2
Ly 2p ' 3/2
M 3s 1/2
M, 3p 1/2
Mg . 3p 3/2
M, 3d 3/2
M - 34 5/2

N is 1/2



Often when the bindlng energies of two electron states are
1ndlst1ngulshable the X-ray symbols are comblned for brev1ty,

e g ,a h and Mo w1ll become Mh 5 For low atomlc number elements,

5
however, the atom ‘is better descrlbed 1f the 1nd1v1dual orbltal angular v » H3

momenta are con81dered to 1nteract together to produce a total orbltal

angular momentum, Z 1 : In a llke manner for the spln component,’
_ . R

we obtaln the total spln angular momentum,vg = Ls

. i S

»‘may then couple together to form the total atomlc angular momentum,

These quantltles

'3 = f §; 1n what 1s known as elther the L-S or Russell Saunders

1s |
( 6)

cOupling stheme,l , ..where a given electrOnidiStribution is'denoted

by a term symbol of the form (2S+l) J . 'In the?atomic'number range of

Ty LS

approxlmately 25 to 75, nelther scheme adequately describes the atom

.and 1t is. necessary to comblne them 1nto an 1ntermed1ate coupllng de-
-scription;v”Due to the availability of the atomic.energy levels, from :
atomlc sbectroscopy‘studles the observed Auger tran51tlons are commonly-
,assocrated w1th a W Xqu transltlon regardless of the atomlc number of
the element 1nvolved.v. Although th1s notatlon is beneflclal in that the
Auger ejectlon process can be v1suallzed in terms of the atomlc X—ray
levels, v1ewed in the llght of the precedlng dlscu551on it is mlsleadlng

for the 1ntermed1ate and low atomic number elements. An unambiguous

treatment Would3require.difficultfquantum‘mechanical calculations‘of the

_energy dlfferences between the p0381ble doubly-lonlzed and s1ngly~

1on1zed states and eomparlson of these values w1th the experlmental energy v oo
The . correspondlng notatlon would de31gnate both the | and L—S coupling |
limits to whlch the partlcular Auger process would tend(s)i‘e.g.-KLng( Pl)
and KL L ( P ' refer-toftwo-dlfferent flnalrstatesfof the excited atom '

Which:are indistinguishablevusing_the anayinotationvalone. -



The foilowing calculation is to show how the L2M2 3Mh 5 assignment
. . 2 > .
was made for the experimentally determined_h?h eV Auger pesk of vanadium.
The published X-ray levels in electron volts for vanadium (Z=23) and chrO-

mium (Z=2L4) are(Y)

K L L 1 M. M. M,

v 5k65 628 520 513 66 38 2

cr 5989 692 s8h 575 Th 43 2

Since the incident beam energy, Ep, was 2500 eV, the initial ionization
could not have occurred in the K level. Also, since the ejected Auger
électron energy was 474 eV, the ionization could not have occurred in any
of the M levelé. Calculations using Eq. (6), which is an experimentally
modified form of Eq. (l1a), were carried out and the results are presented
below in the columns labelled Z and Z+1 respectively with those WOXqu
transitions most closely approximating the experimental energy. The

analyzer workxfunction,,Qh,?iSpapproximately 5 eV.

(z) (z+1)
L M M, kol L83
L2M1Mu’5 L7 Lh7
L2M2,3Mh’5 475 _ - L75
L3M2,3Mh,5 L68 - L468

On the basis of these calculations alone, the L2M2 3Mh 5 assignment can
3 b

be justified. However, if the energy separation between the calculated

transitions is not so large as to allow easy distinguishability, similar

calculations could be made for Ti (Z=22) and Cr (Z=2k4) and the transition

that exhibits a monotonic energy level variation is singled out.
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- Competlng Recombi”ft§?w Mechanlsms of Valence

' and Inner Shell Electrons

When an electron beam in the range of hundreds to flye thousand electron
volts 1mp1nges on the 51ngle crystal surface more than n1nety—f1ve percent of -
‘ the scattered electrons undergo energy exchange of some type due to 1nter—

actlon w1th the crystal and its electrons.. The 1457 elastlcally scattered
>fract1on 1s that uhlch‘ls used for dlffractlon studles. The efficiency of
the Auger electron emlssion process depends on the probabllltles of other
'competlng 1nelast1c energy transfer processes, between the 1nc1dent elec-
itron beam and the surface atoms ‘The 1nelast1c scatterlng mechanlsms

can be subd1v1ded 1nto two groups. Some of the peaks in the 1nelast1c
electron spectra A) shlft 1n energy loss w1th varylng excltatlon energy, Ep.
' Most of the peaks however B) appear at well deflned energles that re—b
main unchanged whlle changlng the 1nc1dent beam energy These peaks are
due to true secondary electrons and solely reflect ‘the energy level struc-
ture of the scatterlng atom. v | |

a) The-1nc1dent’electron beam can undergo. energy 1osses'through direct
coupllng 1nto the lattlce v1bratlons of the solld(phonon exc1tatlons) (9)
.'Energy exchange between*the electrons and.phonons lead to thermal dlffuse
scatterlng, and to the Debye-Waller factor in electron dlffractlon (ex- _

-

' ponentlalattenuatlon of the dlffractlon beam 1nten31t1es w1th 1ncreas1ng
' temperature )- Heatlng of the crystal by the electron beam can also take
place through phonon excltatlons although the. incident beam 1nten31t1es
»:which are used in most Auger spectroscopy studles are sufflclently low

(uamps/mm ) so that - there is no appreciable heatinp effect at aurfac

temperatures above lOO°K
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Tﬁe.elédtrons incident on the surface can also interact:with valence
electrons and excite fhem éutvof the crystal. "Secondary” elecfron
emissioq due fo eleétron impéct is one ofvthe most important primary
brocesses that can take place in the crystal. The ratio of emitted
secondary electrdn current to incident élegtron éurrent could be quite
high fbf a number of métals (2-3 ) but very high for several large band

(9)

gap inéﬁlatérs(EO—QS)such as aluminum oxide and MgO. The incident
eleéﬂrbh beam can'aiso cause the buildup of’a sﬁace.charge at the surface
of solids with iow free carrier concentration which then changes the en-
ergyvdiStributioh of the incident»electrbh beam; For most insulafors,
due t6 the lérge secondary emission;,the surface is positively charged
and the elecfron beam incident on the crjsfal is further accelerated in
the crystal lattice.(lo)

B) 'Thé'incidént élecfron beam - could cause direct excitation of plasma
oscillation of the free eieéfrons in the'érystal. The energy of the
surfacé plasma is on the order of 10 eV and eQCitation of such correlated
oscillatiqn'of conduction electrons has been used to study sevérél'dif—

(11) The incident electrons,

ferent electrical properties of surface atoms.
if they are energetic enough to excite the 5oundvelectrons in the core
states, will excite them with high,efficienCy. If the electron energy

is high enoughvto observe.Auger'transitions, several different
excitation processes in addition to Auger excitation can take place;(T )
The primary excitation processes of inner shell eiectrons which take
place upon electron (or X-ray) beam incidence are the emission of a

"photoelectron'from a core state into vacuum or the wbsorption of the

excited shell electron in the conduction band. These are shown in Fig, 2.
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dThe absinAAt‘aé-éiéi££ﬁiéﬁrpr6cess in addifion to fhe Auger electron
emisélonuisfxeray.fluorescence;'i.e;‘fhe de-exciuation of the atom by
.emlss1on of electromagnetlc radiation. The.Auger electron'emission.in—
volv1ng the K—shell appears to be much more probable for llght elements
(w1th atom;c_number less than 32)-than Xfray fluorescence whlle X—ray |
emisslonvis the nore likely:de—ekclfaffonpprocess for heavier elenents.
. anally; thé'iﬁcidéht.éleéffén oeams.ma&dalSO.cause'chemical-re_
actlons at the'surface that 1nvolve the surface atoms or the absorbed

(1 )

molecules. Such chemlcal reactlons may result 1n the product1on of

new surface spec1es or desorptlon and fragmentatlon of the adsorbed

’ mplecules. The chemlcal 1nteract10n of: the surface atoms with the inci-

, dent»electron'beam may'take'place's1nce‘thev1nc1dent electron“beam energies
afe”ordéfé of maénitudezgreater than the»chemical binding energies of fhe‘
surface‘atoms.l"For'example;lalkali halides (sodium.fluoride, lithium

(12)

1fluoridev’etc.) werevfound'%o decompose in the electron beam. There

Cis halogen evolutlon under electron 1mpact and the alka11 metal may
prec1p1tate at the surface.' Carbon monoxlde chemlsorbed on metal surfaces
was found to undergo partlal decomp051tlon in the electron beam to give a

(13)

carbon depos1t at the surface and~t0'undergo partial desorption as
neutral molecules and ioms. * .. SR : o
: Fortunately,'fhe'cross:sections for‘elecfronﬁoeam'induced surface.
chemical reactions appear to be quite low for mostfsolids_and chemisorbed
.gases.when comparedvto otner excitation-procesSes that may take'place.'
) However, all of these energy loss processes between the 1n01dent electron
and the surface atoms compete with the Auger process. These different
:mechanlsms of energy transfer have to be cons1dered in studylng the

?compos1tion and the chemical nature of the materlals us1ng the Auger

‘ spectrogcopy.
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‘Thé. Aﬁger electron emissibn is essentially.an étomic property. Al-
though £he transitidn probabilities of the different Auger processes may
.5e modified due to the atomic enviromment about.the émitting atoms (packing,
order, efé.). Auger Electron Spectroscopy (AES) for surface chemical |
analysis‘can be carried,out using crystals,.polycrystalline foils, powders,
and liquids equally Wéil; uMetals,.ionic solids; semiconddctiors, or
insulators may'éll~be usedsaé targetrmaﬁerialsfl Any process that will pro-
rduce an.initial inner»shell:vaéancy will provide the' conditions necessary for
the ejection of Auger elecfrons. The poorest va¢uﬁm that can possibly be
tolerated in Auger studiés is the one that will allow sufficient méan free
path for electron travel Beﬁween the incident electron source and the tar-
get, and the target and ﬁhe détector. This is Qn:the order of _"LO"h torr.
More sffingent conditibns are usually imposed by the requirements of the
particular experiment.

Thé.scheme of thé apparatus that is used mostvfrequently in Auger
spectroscopy‘studieé at'preéént‘is”shown in Fig._3;> The electron
beam from a gun that is similar to that used in an oscilloscope is incident
on the target surface at approximately 15° incidenée with respect to the
surface pl§ne,

Accufate quantum mechanicél calculation of the ionization cross—:
section of an atom by an electron is difficult to carry out. However,
an estimate using & form of the Born approximétion and scaled vglues of
the back-scattering factor have shown that the probability for ionization
~of an electron in n puﬁticular nhell mhould- reach a maximum at & primary

electron energy of about 3 to 3.5 times the binding energy of the electron



o e
in-that shell (1 e. E /Eshell

greatly in the range E /Eshell

‘ duced w1th1n the escape depth of the Auger electrons can be expected to

= 2 5 -6, The amount of 1onlzat10n pro—

'1ncrease approxlmately as sin~ 6 (6 belng the angle of 1nc1dence Wlth
,respect to the surface plane) S0 that a beam 1nc1dent at a graz1ng angle
should glve a larger 31gnal than one at normal 1nc1dence ThlS has been
verlfled(ls) by experlments and an optlmum angle of 1n01dence of about g
159 was.establlshedir It should be noted that the 1nc1dent electron beam
does not have to be monoenergetlc 51nce 1ts energy does not enter into
.elther calculatlons of the Auger energy or Auger peak w1dths; The inci-
dent beam merely serves to create the initial electron vacancy through the
process of 1on1zat1on. Calculatlons predlct a total Auger current from
the K-shell 1on1uat10n of oxygen on the order of magnltude of 10 amps

(14)

per monolayer for a normal 1nc1dent prlmary beam of 1 uA™ -that 1st'
spread:over_an area_of 2-3 mmz. Thls corresponds to an electron flux on
the ofderfdf lOlO_electrons/cm2_sec'which chncides with the magnitude of
;the currentddetected by‘égféfiméﬁﬁs;f Theiemitted electrons are enerav
gy“analyaedfby'an.assemblydofifour‘grids:and‘a'collector plate'ln the»
retardingsfield energy analyterf(RFEA) (see . Fig. 3) » The first ‘and
fourth grlds are grounded for shleldlng, and a negatlve d c. ramp voltage,
.upon whlch a small 51nu301dal a.c. modulatlon (k s1nwt k belng the ampll—

tude of. the modulatlon and w its angular frequency) is 1mpressed, 1s

applled to the.coupled secondvand~th1rd-gr1ds. 'The. electrons thatfpaSS

through the analyzer are thus modulated at the frequency w and are collected.

This modulated current is then converted to-VOltage'using a sensing re-
sistor and fed 1nto the signal channel of the lock—ln ampllfler, whlch is

'.tuned to detect ‘the second harmonlc frequency, 2w.. This is done because

.. .

3 3 5) (l ) This probablllty is not expected to vary :
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the"Augér’peak is usually'locatéd'on a steeply sloping background due.to
other secondary electrons which one finds desirable to cancel out in order
to better aeteét the Auger peak. If a Taylor series expansion of current
vé vqltage is performed [see the Appendix] we sée that the current amplitude

at the second harmonic frequency,_Az, is

2 2 Lk 6 6
RN Rl Rk LG
av 48 gv- . 1536 @av

and that this amplitude is proportional»to the second derivative of the

current to the collector (i.e., A. @ d°I/dV°) provided that the modulation

2
voltage is small enough such that the higher order derivative terms in
Eq, (3) are negligible When compéred to the second derivative contribu-
tion. The éurrent, I, and its derivatives, dI/dV and dzl/dV2 are plotted
as a function of the voltage schematically in Fig. ﬁ. It can be seen
that the derivative signals define well the peak positions.
Assuming.that_the peak hasva normal Gaussianydistribution, Taylor(l6)
has shown that for a peak to peak modulation that is'equal to the half
width (at half height) of the peak, the maximum érror introduced by the

higher'drder derivative contributions to the approximation

A, = k2/h (3°1/av°) = i 0.06 (x°/0°) (L)
where
o= standérd deviation of Gaussian curve = 0.8475 of
the half width at half height
i = total peak current



d-l6— N

is less.than 6%. The maximum~error due to the higher order terms_in
the first harmonic amplitude, A,
is 1essTthan,5% for the samévexperimental'conditions. Although Ai is

larger than A2 under typlcal experlmental condltlons the second harmonlc

. 1s more eas1ly detected 51nce the rapldly varylng background is v1rtually
ellmlnated and ‘the galn of the detector can be 1ncreased Also, energy '
losses often cause talllng out of the low energy s1de of the peak leav1ng
only a hlgh-energy edge and therefore making it dlfflcult to_establlsh the
, pos1t10n of the peak u51ng the flrst derlvatlve method ‘Since the second
derlvatlve technlque transforms this 1nflect10n into a peak, 1t prov1des
a sharp p01nt at whlch to measure the tran51t10n energy. ‘

Auger electron spectroscopy by the retardlng fleld energy analy31s
technlque is well sulted forvsurface chemlcal analysls ig_comblnatlon
yith'other;techniques of”surface studiest In particular it can be carried |
out in comhination withleW;energy electron diffraction.studies, using‘.
the same vacuum chamber, electron optlcs and collector. The grid system'
| in the LEED "mode" is adjusted to retard the 1nelast1cally scattered »
‘electrons and allow the penetratlon of only the elastlc component THe
fluorescent screen is used to dlSplay the dlffractlon beams. ‘The,samei;
grld system in the Auger mode can monltor ‘the energy dlstrlhutionvof
_1nelastiC' back—scattered electrons and the fluorescent screen is used
h»as & collector to detect the modulated 31gnal.. The cylindrical. electro— '

static: analyzers that are. also -available for AES measurements( 17) provide

rapid‘scann;ng rates that'are especladly useful 1nrreactlonvk1netics studies

-along~with»severadﬂother'deSirable'design features.  These advantages how-

'ever,_are traded for lower sensitivity and/or energy resolution. It is of.

i
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advantage, neverthéless, to usé a'separate eléctfon gun at a grazing angle.
to.the sﬁrféée éé a éoﬁréé of incidentféleétfons instead of the LEED gun
(which is fixed fbr hormal.incidénce) in order to obtain méximum.ioniia—
tion iﬁ'thé sﬁffaée layérs of fhevcrystal. 'In_#ddition,.AES can.be carfied
Qut"in‘combiﬁéfion with ellipsometry, masé spécﬁrpmet?y, work function
measurementé, diffusion studies, flash desorption‘analysis, and many other
experimental techniques. |

| We have discussed the method of assignment of experimental Auger peaks
ﬁy comparing them to calculated Auger transitions. The experimentally
determinéd'peak energies must be corrected, however, to account for a slight
acceleration or deceleration of the Auger glectroﬁ on the way to the
énalyzer due to the contact-potenfial (difference in work functions) between
'the cryStal_and the analyzer. As a result, the energy is measured with

)

respect to the analyzer ground and Eq. (la)(7 becomes

By x y (2) =B, (2) - By (2) - EY (2+8) - ¢, (6)
opa o b '
where ¢A_is the analyzer work function. That is, the energy will be in~

dependent of the work function of the.target sample. Dependihg on the
composition of the crystal, however, a spaée chargé may develop at the
surface and this will shift the energy of the peak and should be taken
into éccount. Also, there may be broadehingvand extra pesks appearing on
the low energy side of the Auger peak which are due to the characteristic
loss méchghisms an electron may undergo in moving through the crystal,
i.e., excitation of interband transitions and of plasmons.

Thé widﬁh of the peak will depend on a number of different parameters.
I) If'AWO, AXP, aéd AY ‘are defined as the widths of the Wb,vXp, |
a.nd'Yq bands respectively, by insertion into Eg. (6), we obtain the relation

for the range of electron energies contained in the Auger peak:
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Consednently,'the maximnm width of the Auger'peak due'to;the“bandwidths
is (Aw + A +'A'J); wbich is What one wouId expecﬁ if the‘variation
in the den81ty of :tates in the bands were 1gnored Usually AW << A AY'
especlally 1f Xp and/or Yq refer to the valence bands and thus Aw can be"q
'neglected. If Xp and Yq are the same band then it is poss1ble to caleu-
late the varlatlon of electron den51ty w1th1n the band 51nce the observed
Augerhpeak is a weighted fnnction of the densityxofvelectfonic stafes;
II) The peaks will also be broadened due to the electron llfetlmes in

, the bands durlng the tran51tlon ‘in accordance w1th the Uncertalnty |
Principle. Since the_electronvtransition times are on the order of 10_16 sec._
bhe Augen beak width is on fhe'order of & few electron volts. ‘
(A8 ~1/8t = (6.6 X 1076 ev-sec)/107€ sec = 6.6 ev].
III) The main 1nstrumental effects that contrlbute to the peak width
are (16 ),

a)b'The a.c. ﬁodulation. This widens the energy base width of any
ﬁonoenergeticvsignal current to the.magnibude of the‘peak;to-peakamodula—
.tion. | |

b) The potentlal varlatlon between the retardlng'grld w1re and the
center of the mesh. Experlmental values for a single’ grid are .
AV/V = 2, 5% and for a coupled- double grid AV/V ~ 0.5%; that is, the
widthia”monoenergetic signal at 100 eY appears to be 0.5 volts.

b)‘_Work funcfioanariationsr af‘dthe retarding grid contributevto

AE, :These'have been found to be-less than 0.2 eV.
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 Using Eq. (3), it is possible to obtain an indication of the peak

current or intensity since, upon rearranging, we have

i=‘_A2 .0,2 ='.hd2
T 0.06" '-kz - ' 0.48 'k2‘

‘where h ‘vpeak maxima~minima height (in units of currént and corrected
for amplification)

d

]maxima-minima energy'separation

Thét is,'the peak ihténsity is'propoftional to the peak height times the‘
square of thé distance séparating the second derivative peaks. For the
vanadium 474 eV peak, usiﬁg a SO‘uamp, 2500 eV incident electron beam and
a 5 volt peak to peak moduiation,-typical values of h and d are 2 volts
(after'amplification) and 8 volts reépectively. Siﬁce'the Auger signal

is amplified by approximately 2 X th-after being converted into a voltage
(tholtz) = 10710 anp
(2X107) (10" ohms)

6 .
gcross a 10 ohm resistor, h =

Thereforé,'for the 474 eV peak,

10 '

- ' . 2
i= (10 ; »amp)(B jol;s) =2 X 10_9 amps
(0.48)(2.5 volts)
. (18) . o . . e
Harris, using a 127° sector analyzer in measuring the angular distribu-

tion of the‘emitted Auger electrons, showed that the intensities of the
substratévpeaks apprdach a cosine distribution but that in some cases the
impuritybﬁéaks'are st?onglj aﬁgle aependent. This raises the possibility
of distinguishing atoms which lie mainly on the surface from thdse which
are distributed in the bulk of the substrate. However, the problem of

determining the distribution normal to the surface is not easily solved.

I
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. ‘Applications of Auger Electron Spectroscopy

Mosﬁzéf'the.Augér spéctrosc§p§:étudies-of surféces were cérriéé out
for pﬁrprés ofvsufface chemical énélysis. figure,S shows the:AugerV
spéctfa frdﬁ the‘(ldo).and (llO)vcrysﬁéi faéés_;f.Qaﬁadium andvfrom,a:
pbiycr&stéllihe.?anaaiﬁﬁ foil. The mdsf distinct féatﬁre’>of the.?énadiﬁm
Aﬁgef ébééfra is fﬁé gfbup of ?eaks iﬁ.the energy range 375—525 ev. By
comféring:fhévpeék positiéﬁs'with thoée c@léﬁiated from'atdmic‘tgbleﬁ‘and
compéring thém to Aﬁgér transitions of neighboring eiemenfsb most>of the
pesks cduld_be assigned. In additionm, cafban and sulfur can eaéily'bé :
deﬁecfedtbniﬁhé‘vanadiﬁm sufface by their Aﬁger tfanSitiohs_at 277 ev.,

and 150 eV, respectively. 'Compérisoh.of the Augéf sﬁectra frbm vanadium

single-crystal and polycrystalline foil sﬁrfaceé'(Figs. S5a,b,c ) indicate

that. electron spéctros¢opic daﬁg can be obtained from both types:of sur-
faces with appr@kimhfely eQuéi?SensitiVity} In Figs. 6a and 6b the
AugerVSPéctra froﬁ & Vénadium sﬁrface that ié free from adsorbed gaées
andvfrom the same surfgge-cdvéred'ﬁifh_é ﬁonolayer of oxygeﬁ is compared.
Althoﬁgh‘thé'intenéities of.fhe véhaaiﬁm Aﬁger.peaks,are reduced by
»&bout'ZO%, all of the Auger transitiéns that are due to vanadium atoms
are discernible. There is a marked ieduction of the intensities of the'
\carbohrand sulfur Auger peaks upon gas adsorption;.ﬁevérthelesé,kphese
pe&ks,.wﬁidh’are due,tovthe presenée of small concentrations‘bfléurface
1imﬁurifiés, are still detectable‘uhder.a monolayér‘Of gas. Thué, Augéfu
»surfaée_analysis ﬁay be carried out in poor vacuum, if necessary. |
. Figﬁré .Ta and Tb shows the>Auger spectra'of the V(lOO) surface -
before.and aftér heat treatment- in vacuum at 1100°C. The sulfur peak

increases upon heating, indicating marked surface segregation during
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annealingi The ca;bon peak, on the"bther hand, appears to diminish, in-
dicating théYdisépﬁéarancé of carbon from the surface. Since at the
heating températureé fhé éarbén'gannot vaporize ffom the surfacé, it is
likely to_"'hz'avev 4iffused into the bulk of the vanadium crystal. One can
.theh investigate-ﬁhekthermal history of solids that is so important in :
determining many of their physiéai—chemical and mechanical properties.

(19)

One such stud& has been reporfed By ﬁarris. He has analyzed a stain-
. less Sfeel'specimenvcontaining 1.6% Ehromium, 3.5% nickel, 0.39% carbon,
and trhce»dmounts of manganéée;\antimény, tin and phosphorous. The steel
'was austenitized at 1000 to 1100°cC, Which-dissolved,the carbon and en-
largéd the grain size Qf the polycrystalline material. The stainless
steel wﬁsiquenchéd to.maftensite and theh fempered at 650°C after which it
was quéﬁched in_Watef. Embrittlement of the ingot occurred when it was
heated to‘593°C and cooled Very siowly during the period of one week.
Auger spéétroécopy studies indicated that embrittlement to a large extent
was due to the diffusioh of‘chromium from the bulk to the surface during
the slow cédling reriod. fhe increase in the chromium Augérksignal céﬁld
bé folibwed directlyvas.a function of annealing and as a function of em-
brittlement.

It_hag been found fhat, in addition to carbon, sulfur is probably
the most tenécious impufity one encounters onvmetal surfaces. Sulfui cén‘
change the_properties of several ma%erials, and its removal may be more
difficult than that of carbon singe its reaction kinetices with oxygen is
not as favorable. |

Althqggh many different surfaces have been.used for Auger spectro-

scopic analysis, here we mention only a few selected application of Auger

spectroscopy to surface analysis. In a series of experiments silicon
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-surfaces were steam oxidized and the Auger spectra of - the ‘silicon peaks

(20) Upon steam

were monltored as 8 functlon of the oxidatlon treatment
’ox1dat10n the peak at 92 V (due to 5i atoms) has completely dlsappeared
vlndlcatlng that no. elemental 5111con is present at the steam ox1dlzed
msurface.' Electron bombardment of the ox1de surface; however; at 900 v for _
'only lO mluutes caused suffic1ent deeomp051t10n to produce enough elemental
s111con that was ea31ly,dlscern1ble by'Augernspectroscopy. Thus, the |
surface.pa831vat10n of semlconductors could be directly followed by Auger
spectroscopy.and its effeétiveness could be monitored.

The surface comp031t10ns of noon dust brought back by the Apollo‘
fllghts have been analyzed using Auger spectroscoPy (21) The - surfece
compos1tlon underwent marked changes as a functlon of temperature. Due to
.amblentvcontamlnat;on of the dust the surface comp051tion-below 3009C
Wes gsimilar to that of eny other coutemineted'sample on the earth'srsur-
face. Above thie'tempereture, however, the partiel decomposition of
potaseium compounds'cOuld be'monitored, Such an analysis allows one to
correlate the surfaeetcomposition with mass spectrometry studies of the
thermal decompositiou'products. Several minerals of interestiug chemical
composition which do not‘exist on the earth's surface were discovered this
way. | | |

| Auger spectroscopy; in addition to providiug qualitétive surfaee .
cﬁemical analysis, may'elso be.easiiy used to providevquantitative chemie
cal analysis, Figure'8a shows Auger spectrum of potassium atoms thet are

adsorbéd‘on the germanium (lll) surface in a fractional monolayer coverage.

F&pure 8b shows the magnitude of the peak-to-peak intensity of the potas-

sium Auger peak plotted ags a function of potassium coverage on ‘the surface.

@

2)
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There is a good linear rélafidnéhip indiéafing_that the obéerved intensity
could be difectly'cbrrelafed with the’ amount of impufity adsorbed on the
surface if_Suitable célibratidﬁ'ié emplojed. Gélliﬁm-arsenide.photo—
cathodes have also been sﬁbjected ﬁo quantitafiie Aﬁger specfroscopic'
analysis'and‘iﬁ wééjfound fhaf the éhotoemission from the surface could‘
be éorrelafedkwith the.amouhtvof caibon on ﬁhe surfaée which poiéons the

(23)

photo reépbnéé. 'The photoemissién yield decreased in proportion to
the increasing carbon conééntration. In fact, upon'the deposition of a
monolayer of carbon at the éurface photoémission ceased completely.

One of the mést promising applicatiéns of Augef spectroscopy is in
the detection of the oxidation state of surface atoms using the "chemical
shift" of‘Auger peaks. Figure 9 shows tﬁe - Auger peak obtained from
‘ (24)

sodium thiosulfate which contains two different sulfur atoms in dif-
ferent chemical states with'oxidation.numbers 6" and 27. There are two
distinct'Augér péaks, one éhifted with respect td the other, which could
be identified as due to the twd sulfur atoms of'different'valency. The
observed chemical shift when calibrated to a known reference oxidation
state, allows one to identify the oxidation state of thé surface atoms
that participaté in chémicalfsurface reactions or chemisorption.

It has been reported recently that elemental carbon and carbon mon-

oxide can be distinguished on metal surfaces by the variation of the Auger

(25)
_ (

spectra.
It,appears that the Auger transition probabilities are very sensi-
tive to the chemical environment about surface atoms. It is hoped that

this technique méy also be applied to monitor changes in the core elec-

tron binding energies as a function of changes of the atomic environment
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of surfaCe atoms, i.el;ﬂchgnges.of anionkor caﬁion in é polyatomic solid,.
the ap?eéranééhof impuritiés on the surface or changes in the defect
structure‘at ﬁhevsurface;

| _Another.use of Auger spéctroscopy‘is the comparison of the surface
compositién ﬁith that of the bulk compositién'néaf the surface. As the
electroﬁ beamvpenetrdfes deeper iﬁtd the mdterial below the first mono-
layer, it samplés several atomic layefs.below‘the'surfécé and provideé‘
us .with bulk chemical information. The signal is limited by the depth
from which the Auger.elecfrons can escape without loss of energy. The
Auger signﬁl due‘to bulk-atomélcould be}maximizédbundér coﬁditions of
normal incidence. The penétration'depth of the incident beam can 5e'
changeq by éhahging the angle of inéidehce from normal to érézing_gngle
‘of incidence théreby the surface Aﬁger signélvcouldvbe ampiifiéd at £he
expense,bf the bulk _Auger signal. This way ndf only the surface compo-
sition bubt its time-dependen£ changes, thatlis, in—diffusion or out-
diffusion of impufity atoms'from the bulk to the‘surface could,also be
monitored.

If should be noted that Auger spectroscopyAshoﬁld be eminently use-
ful in studying the‘surface composition‘of alloys or solid solutions. Due
to thé differences in surface free energies of the elements parﬂicipating
in the binary or multi-cdmponént systems, it is likely that the surface
compositions are different from ﬁhat of the compositions in the bulk.
Accumulation or depletioh of one-component at the surfaée‘is expected for
a number of Aifferent alloy systems{ Thié way, surface thermodynamics 6f
multi-component systems could be studied. So far, no attempt has been'

made to use Auger spectroscopy in studies of surface thermodynamics.
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Ayger spectfoscopy could also be carried out on various gatalyst
vsﬁrfaces such as those containing small metal partigles dispersed on high
surface»érééléarriérs.(for examplé;algmina);'or oﬁ zeqlites.“These studies
could be carried out using liquid surfaces. Since Auger eiectron spec-
troscopy is a non—destrﬁctive, sensitive experimental tool for quantitative
and qualitative surface chemical analysis, applicaﬁle to materials of
various surface morphology, and the measurement can be cérried out in
relatively poor vacuﬁm, if necessary, it is expected to occupy a role of

- major importance in various chemical studies in the near future.
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Appendix

The generalized Taylor series formula is

o | 2 2 3 3
o) = 2(x) +n &£+ B 2L, B 2F

' where h is the perturbation onvx of which f-is-sdme:function.
The situation where the current, I, is expénded as a function of a d.c.
voltage . (Vé) with a.c. modulation (k sin wt) superimposed upon

it follows:

’ : AT 2.:.2 20
T(V =k sin wt) = T(V ) + k sin wt % + Esinwt 41
o o . av 21 2
. o . . d
0
»k3sin3wt dSI "k sinhwt ' duI
Y Tar o T30t T o
avy | av,
Ksindwt a1 1Osinfut a1
+ = + +
51 o T 4
S Wy T 0.
4t .k2 " 1-cosdwt d2i
= I(V)) + k sin wt 35+ 57 +( *2052 e
. . 0 ° i av
(]
. K (3sinut + sinwt) &I
31 T 3
_ avy
" T 4
.k (3/2—2c052wt +vl/2coshwt) a'x
LT N ‘ - Sk
: , av
- %y
. K (10sinut-Ssinduttsinsut) &I
51 % 16 gy
_ » Yo
+ k6'(5/é-- 15/b4cos2wt + 3/2coshuwt - 1/hcos6wt) d6I
3T _ - 8 o .6
Cav)
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: 2 2 kh b 6 6I
= I(vy) + {#—' D= RS T T C 7o) M S "]f
. : 0

+ .. ] sinwt

2 R T 6 6 :
- [%—- al + lﬁ—g di‘ + ?.536 dé‘_+ ..-]cos2wt
J

1 _
: + «++ ] sin3wt
ok 3 384 Dvg ]

= I(VO) + AO + Alsinwt - A2c052wt - A3sin3wt + e

The following trigonometric relations have been used above:

sinew’c = -32“— (1-cos2wt )
.3 1 . R
sin“wt = f (3sinwt-sin3wt)
) _1 . . .
sinwt = Z (19sinwt-5sin3wt+sinSwt )
.6 ., . 2.3 1,5 15 3 1
sin"wt = (sin“wt) = 5 (-é— - costh+§coshmt——Hcos6wt)
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N bFigure'Captions-:
vFié.‘l.. Schémafic'repfeséﬁfﬁtibn of the Auger‘electfbh emission frém
& metaliié S§lidcontaih{hgvgﬁ é1écfroh Véé&hcyvin'thé'wobenergy
_ bana,;f_‘ y . _ , -
: Fig..2; Vééhémés of'£he'photoelécﬁron emiésidn ahdiXQraY,absqrption
o pfgdééseé.ﬁﬁ | | ' o
Fig. 3. .échéme' of the '-.re.'ta.rd"ir'_lg field apparatus used for Auger Emission
»_SpécfroSépr. “ | v |
‘F;ig'.“l.t. ‘i_"l'o'ts of the co:uéct'ed'cu':rént', I, and itsAderivatii/es,
aI/dav and d2I/dV2, as a‘functiOQ of the réﬁarding'voitage, V.
Figs. 5a,b,c. ‘Auger emission spectra from a) tﬁé‘(ldp), b) the (110)
crystéi-faces’of vanadium, and from c¢) a polycrystalline foil using
E = éﬁOO ev.
'Figs;‘Ga,ﬁf::Auéer emission spectra from a) the ga§ free, Qnd b) the oxygeﬂ
;ccvéfed7(lb6)1brysfal'f§ce}dfiﬁanadiumvusihg Ep =-2500'éV;
Figs. 7a,b} tAnger émiséidd spéctféffrom:the (100)[cryé£al fﬁéé,of
_ vanadiﬁm a) after ion bombardment;_and b) aftef_heatvtreatment at
11069C‘in.ultféhigh‘vﬁcﬁum. |
Figs._8é,b;' g) ch&?ECte?isti¢'Au5¢r emission spectrum of potaSSium‘on
thé‘gérmaniﬁm,surface. | , |  ‘J : N
“,vb).Thé-variationléf the‘pgak—to;peak-ihtensity Qf the
o potasSium Anéer pgak as a fﬁnctién of pﬁt#ssium co&eragerf the
surfgcé. 7 o | o n
Fig.'Q. SglfurjAugeriemission'peaks‘characteriStié of the +6 and —éi

oxidation states of the sulfur atoms in sodium thiosulfate.
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Schematic Diagram of Auger Spectroscopy Appamtus.
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LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, 'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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