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SURFACE CHARACTERIZATION OF CERAMIC MATERIALS 

G. A. Somorjai and H. Salmeron 
lfaterials and Holecular Research Division, Lmvrence Berkeley_ 
Laboratory and Department' of Chemistry, ,University of California 

- Berkeley, California 94720 

ABSTRACT 

In recent years several techniques have becoLle available to 
characterize the structure and chemical composition of surfaces 
of ceramic materials. TIlese techniques utilize electron scat
teringand scattering of ions from surfaces. Low-eneLgy electron 
diffraction is used to determine the surface structure, Auger 
electron spectroscopy and other techniques of electron spectro
scopy (ultraviolet and photoelectron spectroscopies) are employ
ed to determine the composition of the ·surface. In addition the 
o:ddation state of surface atoms may be determined using these 
techniques. Ion scattering mass spectrometry and secondary ion 
mass spectrometry are also useful in characterizing surfaces 
and their reactions. These techniques, their applications and 
the results of recent studies are discussed. 

1. INTRODUCTION 

Surfaces play a unique and important role in materials 
science and technOlogy. The topmost layer of atoms that is 
frequently called the "monolayer" is the first line of defense 
of the condensed phase against external attack by chemical or 
mechanical forces. TItus, passivation of the surface against 
corrosion, or the elinination of surface sites where crack 
propagation can be nucleated are of great practical inportance. 

Passivationjhm.,ever) means alteration of the surface struc
ture a~d surface composition on the atomic scale. Only over 
·the past ten years have techniques become available and appli
cable that monitor the monolayer structure and composition in 
its atomic .details. TItese techniques involve low-energy elec
tron and ion scattering froLl surfaces as these probes of 
charged particles backscatter primarily frOT!} the near surface 
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region. In Fig. 1 the penetration dept:n of electrons is shmvn 
as a function of their energy. In the range of 20-1000 eV a 

o 
surface layer of 10 A deep is being probed and ions of the same 
energy penetrate to an even lesser extent because of their mass, 
which is 103 to 104 times larger than that of the electrons. 
Thus, analysis of backscattered electrons or ions in this 
energy range yield the composition and structure of the surface 
on the atomic scale. 

Over the past ten years there are over 25 electron and 
ion scattering techniques ,.,hich have been developed. For a 
review of these techniques, the interested reader is referred 
to reference books that were published recently.! In this 
paper, we review only those techniques that emerge to be the 
most widely applicable to provide the atomic surface structure 
and surface composition of ceramic materials and other solids. 
The most prominent electron-probe techniques are low-energy 
electron diffraction (LEED) and Auger electron spectroscopy 
(AES) to yield the surface structure and qualitative and quan
titative analysis of the surface compositions, respectively. 
We shall also discuss the x-ray photoelectron spectroscopy 
(XPS) technique that is also widely used and provide infor
mation on the oxidation state and bonding of surface atoms. 
The ion scattering techniques that will be discussed here are 
ion scattering spectroscopy (ISS) and secondary ion mass 
spectroscopy (SD1S), the most ,ddely used surface ion probes 
in materials science. In addition, to briefly describe these 
techniques, their capabilities and limitations, we shall give 
examples of their important applications to studies of out
standing problems of materials science. 

HhEm vimved on a microscopic or submicroscopic scale, the 
surface of a crystal is heterogeneous; various kinds of irreg
ularities are present. Fig. 2 depicts schematically a solid 
surface. The surface has several different atomic sites which 
are distinguishable by their number of nearest neighbors or 
coordination number. There are atoms in terraces where they 
:are surrounded by the largest number of neighbors. There are 
atoms in steps and at kinks in the steps. These sites have 
less neighbors than the atoms in the terraces. Adatoms that 
are located on top of the terrace have, of course, the smallest 
coordination number. 

This model of the solid surface has been utilized to de
velop the theory of the grmvth of crystals and to explain the 
vaporization mechanisms of solids and other surface phenomena. 

New information that has been emerging from our studies, 
primarily of single crystal surfaces, is that each of the sur
face sites may have differentcher.lical reactivity. If each 
crystal pla~e, step and kink site at the surface has different 
chemical reactivity, much of the complexity revealed in studies 
of corrosion or heterogeneous catalysis can readily be ration
alized. It is very difficult, if not impossible, to decipher 
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the chemical behavior ot polycrystalline surfaces where each 
crystalite is bound by different atomic planes and has large 
and uncontrolled concentrations of atoms in steps and in kink 
positions. It is possibie, hmlever, to prepare surfaces of . 
single crystals where one or another surface site is present in 
large concentrations and study them by low-energy electron dif
fraction, a technique that can identify these various surface 
sites. 

2., LOW-ENERGY ELECTRON DIFFRACTION 

A scheme of the LEED experiment is shown in Fig. 3A. Low
energy electrons of 10-200 eV are backscattered from a crystal 
surface and the elastical,ly scattered fraction (those electrons 
that did not lose energy in the collision '-lith the surface) is 
accelerated and impinges on a fluorescent screen where the 
diffraction spots are displayed. In order to carry out low
energy electron diffraction, W(! need to have well-ordered 

o 
domains that span over a range of several hundred A, the coher-
ence diameter length of the electron beam. 

The diffraction patterns and schematic representations of 
three types of solid surfaces that give large 
differences in relative concentrations of terrace, step and 
kink sites are shmm in Fig. 3B. Surfaces where most of 
the atoms are in terrace positions can be e.3:sily prepared and 
these exhibit high thermal and chemical stability. Alter
nately, stable surfaces with over twenty percent of the 
surface atoms in step positions have been prepared. By appro
priate cutting of a single crystal, one can introduce a high 
density of kinks into the steps. One may explore the reac
tivity of each of these surface sites by studying the chemical 
behavior as a function of step or kink concentration on a 
series of single crystal surfaces and compare the results with 
those obtained on polycrystalline surfaces. 

The condition of the surface under study is quite apparent 
from the diffraction pattern. Sharp spots are indicative of 
long. range order (200 R) on the surface. Diffuse spots pro
bably signal poor ordering or the presence of adsorbed impur
ities. Extra diffraction spots (m2aning those not expected 
on the basis of simple termination of the bulk lattice 
structure along the surface plane),indicate either a reordering 
(reconstruction) of the lattice in the surface region or the 
presence of ordered impurity structures. Auger electron 
spectroscopy (AES) that is to be discussed later is routinely 
used to identify impurities that may be present with about 
one percent of a monolayer sensitivity. 
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2.1 Applications of Lm.J'-Energy Electron Diffraction 

Over the past ten to fifteen years there have been a great 
number of 1m-l-energy electron diffraction studies carried out 
in many research laboratories to determine the structure of 
clean solid surfaces and that of adsorbed gases. There are 
several major findings that emerge from these LEED studies and 
these are enumerated be1m-l. . 

2.1.1 Surface reconstruction. Hany surfaces have atomic 
structures that are different fro~ that expected from the pro
jection of the x-ray bulk unit cell. The surface ator.lS assurae 
ne'-l equilibrium positions by out-of-p1ane buckling or by 
"relaxing" im-lard (contraction) that often result in entirely 
different ordered surface struc~ures. 

Fig. 4 displays the diffraction patterns and schematic rep
resentation of the structures of the (100) crystal face of 
p1atimnn. 'This surface exhibits the so-called (5x1) surface 
structure shown in Fig. 4a. There are t,m perpendicular 
domains of this structure and there are 1/5, 2/5, 3/5 or 4/5 
order spots between the (00) and (10) diffraction beams. The 
surface structure appears to be stable at all temperatures from 
250 C to the melting' point although at elevated temperatures 
impurities fro~ the bulk can come to the surface and cause a 
transformation of this structure to the impurity stabilized 
(lx1) surface structure (Fig. 4c). Preliminary calculations by 
Clarke et a1. 2 and in this laboratory indicate that a model for 
Pt (100r-in-which the surface atoms assume a distorted hexa
gonal configuration by out-of-p1ane buckling is favored. The 
apparent (5x1) unit cell is then the result of the coincidence 
of the ato~ic position of atoms in the surface, i~e., in the 
distorted hexagonal layer, '-lith atoms of the undistorted second 
layer below. 

The surface atoms in any crystal face are in an aniso
tropic environment which is very different from that above the 
bulk atoI:lS. The crystal symmetry that is experienced by each 
bulkatol!l is markedly higher than for atoms placed on the'sur
face. The change of symmetry and the lack of neighbors in the 
direction perpendicular to the surface permit displacement of 
the surface atoms in '-lays that are not allowed in the bulk. 
Surface relaxation can give rise to a multitude of surface 
structures depending on the electronic structure of the sub
stance. The (100) crystals of gold and iridium that are neigh
bors of platinum in the periodic table exhibit the same surface 
reconstruction and the same surface structure as that of plat
inum shown in Fig. 4. The (110) crystal faces of these three 
elements are also restructured and exhibit a different unit cell 
than that e~pected from the bulk x-ray structure. The (111) 
crystal face of these three metals has the same surface struc
ture as that indicated by the bulk unit cell. Othe~ metals 
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such as tin, antimDny and bismuth also. exhibit surface reCDn
struction. FDr semicDnductDrsalso, mDst Df the crystal planes 
that have been studiedshm-l reconstructiDn.l,3 MDnatDmic (Si, 
Ge) and diatomic (GaAs, InSb, CdS, ZnO, etc.) semiconductor 
surfaces have been investifated and surface reDrdering has been 
observed fDr most ef them. ,3 Frequently there are changes Df 
surface structure with temperature (erder-Drder transfDrmatiDn) 
that are eften irreversible. ' 

The mechanism Df surface recenstructien is net well under
steed. There are mDdels invDking changes ef electrDnic struc
ture at the surface er prepesing the presence ef surface 
relaxatien Dr ordered vacancies to explain these findings. 4 
Further studies,beth experimental and theDretical,are clearly 
necessary to. understand the mechanism and nature Df surface 
recDnstructiDn. 

The excess free energy intreduced by the creatiDn Df the 
surface induces ether types ef chemical changes as ,/ell, in 
additien to' surface recenstruction. Alkali-halide surfaces 
have unit cells nDt visibly different frDm what is expected 
frDm the bulk x-ray unit cells. Hewever, the surface cDmpDsi
tiDn appears to' be markedly different. Auger electrDn spectrD
scepy studies Df alkali-halides revealed that excess vacancies 
are intreduced,4 the surface becDmes enriched in either catiDns 
er in aniDns depending Dn the relative sizes' ef the pDsitive 
iens. Oxide surfaces, such as the surface ef aluminum exide 
and vanadium pentexide, exhibit beth nensteichiemetry and 
change of surface structure. 5 It appears that under apprepriate 
cenditiens the catien is reduced at the surface and a Imler 
oxidatien state snrface exide fDrms (A120 Dr V305) with surface 
structure and cDmpesitiDn that are different frDm that Df the 
bulk oxide. Still anDther type ef surface restructuring is 
exhibited by crystals Df large erganic mDlecules •. FDr example, 
phthalDcyanine crystals can be epitaxially grDwn Dn erdered 
metal surfaces. 6 When cepper phthalDcyanine ,-las grmID Dn the 
cepper (111) surface the surface structure Df the grmdng 
erganic single crystal layer did nDt resemble the structure ef 
any ef the simpler crystal planes in the bulk structure Df the 
erganic crystal. It appears that the ordered metal substrate 
predetermined the Drientation and packing ef the phthalDcyanine 
mDnDlayer which in turn centrDls the erientatiDn and packing ef 
erganic layers depDsited en tDP ef it. FDr large melecules 
such as phthalDcyanine, restructuring into. a mere stable 
crystallDgraphic arrangement requires mDlecular rDtatiDn and 
diffusien prDcesses that are tDe slow to. eccur under conditions 
ef crystal grDwth. Thus the molecules are frDzen into. a sur
face structure that is predetermined by the structure ef the 
substrate and the first adserbed erganic menDlayer. 

~l.2 Stepped surfaces. The preparatien ef surfaces with 
large concentratiDns Df stable and Drdered irregularities 
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(steps and kinks) can be carried out by cutting crystal sur
faces along high Miller index directions. Stepped surfaces of 
several metals, semiconductors and oxide surfaces were prepared 
this way.4 It appears that ordered steps of one atom in height 
separated by terraces of low Miller index orientation of the 
same width, on the average, are the stable surface structures 
of many high Hiller index surfaces of solids, regardless of 
their chemical bonding. Not all stepped surfaces are stable, 
however. 7 The (510) surface of platinum, for example, is 
unstabl~ and upon heating it undergoes facetting into two other 
surfaces: the (100) and the (210). Thus, studies of the rela
tive structural stability of the various surfaces permits deter
mination of their relative surface free energy (the more stable 
surfaces having the lmver surface free energy). 

2.1. 3 Adsorbed monolayers. Over the past 15 years, 10\-1-
energy electron diffraction studies of monolayers of adsor
bates on crystal surfaces have sho,vn that: a) adsorbate mono
fayers are ordered in most cases; b) the surface crystallography 
reveals the nature of the surface chemical bond of the adsorbate 
and; c) there is a marked crystal plane sensitivity of the-sur
face chemical bond. Surface irregularities and kinks have dif
ferent bond breaking abilities as compared to atoms in terraces. 
The interested reader is referred to several'review papers on 
this subject. 8 

3. AUGER ELECTRON SPECTROSCOPY (AES) 

Auger electron spectroscopy is suitable for studying the 
composition of solid (and liquid) surfaces. Using this tech
nique one analyses the enerey of the electrons emitted from the 
sample surface following excitation by a prinary beam of elec
trons of moderate energy (1 to 5 KeV). The spectrum thus 
obtained contains a number of peaks (the Auger peaks) with 
energies characteristic of the atomic species present at the 
surface. Once the energy of the Auger peaks is knmvn for each 
element, one can determine the composition of any surface qual
itatively and also, after calibration using standards, quanti
tatively~ 

In the energy range typical of most of the Auger spectra 
(20 to 1500 eV), only a few atomic layers (1 to 7) can contri
bute to the observed Auger peak intensities. Thus, AES is a 
surface selective technigue. Its sensitivity is of the order 
of 1% of a monolayer (1013 atons/cm2). 

A number of review papers have appeared on the technique 
and applications of AES. The reader is referred to them for a 
more detailed description. 9 ,10,11 In the following 'ole ,d1l 
sketch the basic principles and the experiment of 
Auger spectroscopy and some of its applications in surface 
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science. 
The Auger emission occurs as follow's. Hhen an energetic 

beam of electrons or x-rays (1000-5000 eV) strikes the atoms of 
a material, electrons 'l1hich have binding energies less than the 
incident beam energy may be ejected fron the inner atomic 
levels. By this process a singly ionized excited atom is 
created. The electron vacancy thus formed is filled by de
excitation of electrons from higher electron energy states that 
fall into the vacancy. The energy released in the resulting 
electronic transition can, by electrostatic interaction, be 
transferred to still another electron (in the same atom or in 
a different atom). ,If this electron has a binding energy that 
is less than the de-excitation energy transferred to it, it 
will then be ejected into vacuum, leaving behind a doubly io
nized atom. The electron that is ejected as a result of this 
de-excitation process is called an Auger electron and its 
energy is primarily a function of the energy level separations 
in the atom. 

There are essentially t\17O types of experimental designs 
for AES, differing in the detection system used. One is the 
retarding grid Auger analyzer \-1hich is of the high pass filter 
type. It has a rather lml1 signal to noise ratio. 12 The main 
advantage is that the electron optics of a lmv-energy electron 
diffraction system can be used for obtaining the Auger _spec
trum. Thus, LEED and Auger measurements can be performed using 
the same apparatus. The other popular design is called the 
cylindrical mirror analyzer (see Fig. 5) which is of the windmol 
filter type13 and has a higher signal to noise ratio. One 
advantage of this type of detector is that it allows one to 
perform the Auger analysis in short times (10-2 sec) as com
pared to the one minute or more required for the retarding grid 
analyzer. Both of these apparati are conunercially available. 

3.1 Applications of Auger Electron Spectroscopy 

3.1.1 Surface contamination. Host of the Auger spectro
scopy studies of surfaces were carried out for purposes of sur
face chemical analysis. Fig. 6 shows the Auger spectra from 
the (100) and (110) crystal faces of vanadium and from a poly
crystalline vanadium foil. The most distinct feature of the 
vanadium Auger spectra is the group of peaks in the energy 
range 375-525 eVe By comparirig the peak positions with those 
calculated from atomic tables and comparing them to Auger tran
sitions of neighboring elements, most of the peaks could be 
assigned. In addition, carbon and sulfur can easily be detec
ted on the vanadium surface by their Auger transitions at 277 eV 
and 150 eV,respectively. There are several successful experi
ments in which surface impurities "ere assigned as responsible 
for anomalous surface effects, both mechanical and chemical. 
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Harris14 has studied the embrittlement of stainless steel by 
Auger electron spectroscopy and found that enbrittlenent Has 
due to the diffusion of chromium from the bulk to the surface 
during the slm<1 cooling period to Hhich the sample \oms sub:
jected. 

Carbon, sulfur and calcium are some of the most common 
impurities that are segregated to the surface of many high 
purity materials. They have been readily detectable by AES. 

3.1.2 Alloy surfaces. Another application of Auger elec
tron spectroscopy is the study of alloy surfaces. Simple ther
modynanic arguments indicate that the surface composition of 
alloys should be different fron their composition in the bulk. 
In order to minimize the surface free energy of the multi
component system, the constituent of lower surface free energy 
will accumulate in the topmost surface layer. Over the past 
ten years, several alloy systems have been studied ",here seg
regation of one of the alloy components has been discovered. 
In some cases, the surface phase diagram has also been deter
mined, that is, the surface composition has been determined as 
a function of bulk composition and temperature. Gold-tin and 
platinum-tin are two examples of systems exhibiting complex 
surface phase diagrams. A typical Auger spectrum of an alloy 
system, that of silver.,..gold~5is shown in Fig. 7. From the 
Auger peak intensities, one can determine the surface compo
sition for a series of bulk compositions, and from this data 
the surface phase diagram is deduced. The most serious diffi
culty in converting the Auger peak intensities to surface con
centrations lies in esti~~ting the depth near the surface from 
which the Auger electrons of different kinetic energies are 
emitted and in estimating the relative scattering pm.,rer of the 
two types of atoms in the volume sampled by the electrons. 
Since part of the Auger signal is due to atoms below the sur
face, it is essential to subtract this part from the signal 
intensities in order to extract the surface contribution. Much 
of the discrepancy between results reported from different 
laboratories on the same alloy system can be attributed to 
difficulties in estimating relative cont'ributions of surface 
atoms to the various Auger peak intensities. 

Adsorbed gases or impurities segregating at the surface 
can markedly change the surface composition. If one of the 
constituents forms strong chemical bonds with the adsorbate (0, 
CO, C, S or Ca most commonly), it will be accumulating on the 
surface even though it may not be at the surface in the absence 
of the adsorbate. CO for example, that forms strong bonds Hith 
many transition metal atoms, may aid the segregation of these 
atoms to the surface at the expense of other constituents that 
form weaker CO bonds. In essence, an adsorbate converts a two-
component system to a three-conponent system, thereby altering 
the surface composition at equilibrium. 
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Solute atoms ,rl th large or small radii \vith respect to the 
size of the solvent (r.lajority) atoms may be excluded from the 
bulk because they introduce excessive strain in the crystal lat
tice. As a result, surface segregation of the perturbing com
ponent can be observed; This strain effect may enhance the 
surface concentration of the component that would segregate on 
the surface as a result of its effect of~d~creasing the total 
surface free energy. Conversely, the strain energy contribu
tion may oppose the effect of surface segregation of one consti
tuent in some cases. 

There are alloys that exhibit the formation of stable 
compotL."1ds of high lattice energy. In this circumstance, the 
energy necessary t.o exchange the t\VO atoms A and 13 by removing 
them from their equilibriuT'l lattice site is so large that it 
overrides the influence of the forces that would induce surface 
segregation. In that case, the surface audbulk compositions 
remain identical •. For the Au-Sn system \ve have found that this 
phenomenon occurs at the bulk composition of AuSn that forms a 
compound with high cohesive energy. In Table 1 '-Ie list those 
metal systemS that have been studied by electron spectroscopy 
and indicate \vhich element is found in excess at the surface. 

Since the topmost surface layer is the first line of de
fense- of the solid against external chemical attack, it is 
essential that we determine and learn hmv to cont.rol the surface 
composi.tion. Perhaps alloys \vith unique corrosion resistance 
under high temperature and high pressure conditions can be 
developed by the addition of sl:1all quantities of appropriately 
chosen constituents that passivate the surface layer by segre
gation. 

3.1.3 Depth profile analysis. The investigation of the 
composition of both surfaces and thin films is of great impor
tance in the microelectronic industry. Thin films of tantalum 
oxide and tantalum oxynitride are used to fabricate precision 
capacitors and resistors. Silicon oxide and various silicon
doped (\lith 13, P, As, Al, etc) films are basic elements in the 
fabrication of electronic elements. Another example is the 
construction of thin films of Si for soliir cells. In all these 
cases, the composition of the films, layer by layer, should be 
determined. 

For the specific problem of investigating the in-depth 
composition profile, one of. the most fruitful techniques is 
ion-etching and simultaneous Auger analy'sis. Secondary ion 
mass spectroscopy (STIrS), Hhich ,vill be briefly discussed later, 
is also used in depth profile studies. 

The ion-etching (or ion sputtering) technique is based on 
the milling action of an energetic beam of ions (several KeV) 
on solid T"'..aterials. The impact energy of the bombarding iOll is 
used to eject surface materials, ions and neutrals in such a 
way that sputtering rates of 100 X/min are usually possible, 
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'. 
depending on the intensity of the ion beam. The depth resolu
tion is of the order of about 10 A and is mainly determined by 
the statistical nature of the sputtering process. As an example 
we shmlin Fig. 8 the Atl,ger depth profile of Si thin films 
(-2000-3000 A) deposited in vacuum onto a graphite substrate. 27 

As it is apparent from the figure, the carbon has diffused 
deeply into the silicon film and also silicon has diffused into 
the carbon substrate. 

4. X-RAY PHOTOELECTRON SPECTROSCOPY (XPS) 

lfuereas AES, -among other techniques, is primarily concerned 
with the identification of the element present at the surface, 
XPS can be used to determine their oxidation state in addition 
to their qualitative and quantitative analysis. Excellent 
revie," papers have been published on this subject28 ,29,30' to 
which the reader is referred for more complete information. 

nriefly, the principle of the technique is the excitation 
of electrons in the atom, molecule or solid by means of x-rays 
and the energy analysis of the photoelectrons that are emitted 
into the vacuum. (See Fig. 5) The ejected photoelectrons have 
a kinetic energy equal to hV-En, hv being the photon energy and 
En the binding energy of the electron. These electrons are 
analyzed with high resolution ener3Y analyzers of various types 
(hemispherical, cylindrical mirror, etc.) as depicted in Fig. 8. 

The 'x-ray source is constituted by an anode of a suitable 
material which is bombarded by energetic electrons-. The 
emitted x-ray radiation can be either monochromatized by means 
of diffraction, or more simply one can take advantage of the 
characteristic emission lines of the anode t!laterial, usually 
Al or 11g. The energies of these lines are 1253.6 eV for Hg, 
with a full '-lidth at half maximum (Fmll1) of 0.7 eV and 
1486.6 eV for Al with a Fl-1Ill1 of 0.35 eV. 

4.1 Applications of XPS: Peak Shifts 

The higher energy photons in XPS make it possible to excite 
core level electrons. It is the study of these core level 
peaks that ,.,as at the origin of earlier XPS studies .. 28 In 
addition, the chemical shifts experienced by these photoelec
trons as a result of changes in the chemical environment l"ere 
studied. An example of these shifts can be seen in the 
nitrogen Is photoelectron energy for various chemical environ
ments (Fig. 9)~1 These energy shifts are closely related to 
charge transfers in the outer electronic levels. These trans
fers induce changes in the binding energy of the core electron 
50 that information on the valence state of the element is 
readily obtainable: a loss of negative charge (oxidation) is 
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in general accompanied by an increase in the binding energy. 
Besides core level photoelectron peaks, the XPS spectra also 
display peaks due to Auger transitions and also photoelectrons 
from the valence band. 

Although the initial application of XPS was to study gas 
phase molecules it is being increasingly used in surface studies 
~lere, .apart from identifying the adsorbed species,it furnishes 
information on the chemical state of the atom. Photoelectron 
peaks from the substrate material seem, however, to be less sen
sitive to chemical changes than those from the adsorbate, at 
least in the monolayer and submonolayer region. 33 The surface 
selectivity of XPS is determined by the escape depth of photo
electrons which, as in AES, is of the order of 10 K. For de
termination of surface composition how'ever, XPS has to date been 
inferior to electron e~ccited AES, but has the advantage of 
being less surface destructive. This is due to the fact that 
the rather high beam intensities used in AES can modify the 
nature of the adsorbed species in the impact zone by either 
desorbing the atoms or molecules, or by inducing decomposition 
of the adsorbed molecule. 32 Several studies of oxidation of 
metal surfaces using XPS have recently appeared. As an example 
we shO\.; in Fig. 10 the changes in the 3d photoelectron peak of 
molibdenum for various amounts of oxygen present in the surface 
region. 33 

5. ION SCATTERING SPECTROSCOPY (ISS) 

ISS is another surface sensitive technique which can be 
used to study surface composition and in some cases the surface 
structure also. The technique Hill be described briefly in the 
follO\.,ing and its limitations indicated. Extensive literature 
can be found in several recent review papers to ,.,hich the reader 
is referred for a more detailed description. 34, 35, 36 Th~ ISS 
experiment consists typically of' a ,.,ell-focused ion beam of 
lle+, Ne+ or Ar+ particles ,-lith energies between a few hundred 
eV and several KeV. IIigher energies are also possible (in the 
100 KeV range and more), but these beams'have less surface 
selectivity and will not be considered here. The beam is aimed 
at the target surface llhere it is reflected after collisions 
with lattice and surface impurity atoms. Only the ions reflec
ted at fixed angles are analyzed ,.,ith an electrostatic energy 
analyzer (see Fig. 11). The output of this analyzer is an 
energy spectrum of the reflected ions and has the "appearance of 
a collection of peaks that correspond to Hell-defined energy 
losses of the ions. The energy scale can be easily converted 
into a mass scale for the target atoms by using the simple 
relation: E 

E o 
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where E is the energy of the scattered ion, e the scat
tering angle relative to the incident direction, Eo the incident 
energy and V the mass ratio of target (m2) and ion particles 
(ml). (See Fig. 11) This relation describes simply the clas
si.cal kinetic energy transfer betw'een tHO colliding rigid balls. 
It predicts the observed peaks in the energy spectruIJ. of scat
tered ions fairly well and it is this fortunate fact which 
makes the observeJ energy losses simple to interpret. The 
reason for the good agreement bet"men this simple theory and 
the experiment is due to the fact that the energy transferred 
in a collision (several hundred eV) is much higher than the 
binding energy of the target atoms (some 10 eV), so that in the 
collision process they can be considered uncoupled from the 
lattice. On the other hand, the incident energy is 10\-1 enough 
so that the inelastic electronic energy transfers (as opposed 
to kinematical transfers) are very small. The latter processes 
are important at high energies and produce a broadening of the 
peaks in the lml1 energy side. 37 

5.1 Sensitivity and Resolution 

The resolution can be measured as the ability to separate 
close mass numbers in the spectrilln.This depends drastically on 
the mass ratio V. The best results are obtained for high mass 
incident ions and/or light target elements. 34, 33 Under favor
able conditions it has been possible to separate peaks corre
sponding to isotopes of a given element with a mass difference 
of two~4,33 In general however, the mass resolution is less than 
that. For He+ scattering for example, the Sand Ni peaks are 
strongly overlapping, whereas for He+ these same t,-lO peaks 
appear separated by three tilles its Fm1l1. 39 . 

The surface selectivity of this technique derives from the 
fact that ion neutralization increases very rapidly \'lith the 
penetration of the ion, so that the scattered ion current is 
obtained mainly by reflections from the .first atomic layer. 
Experimental verification of these ideas has been found in sev
eral cases. Brongersna and liu1, for example, showed that a 
monolayer Br coverage on Si caused the ISS peak of Si to be 
reduced to less than 1;; of the clean surface value. 34 Other 
important shadmdng effects have been r~ported~0,4l Conditions 
can be achieved also ",here double collision events can be iopor
tant~ It appears that these peaks are even more sensitive to 
surface structure, as indicated by the changes observed in the 
iss peaks of Ne+ reflected ·froo the (110) GaP surface, as a 
function of azimuthal orientation of the Ne+ ions relative to 
the substrate. 34 . 
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The sensitivity of the techniqu~ has been reported to be 
of the order of 10-3 of a monolayer,34,37,39 a value that 'is 
even better than that achieved by AES. The quantitative analy
sis by this technique encounters the same kinds of problems as 
for AES: a calibration against standards is necessary. In 
many cases the ISS peak intensities follm., linear variations 
with concentration,39,42 but that is not as general as in AES. 43 

Another aspect that has to be considered is the destructive 
character of the incident ion beam. The situation can be 
remedied either by decreasing the beam intensity or by 'oJ'orking 
in dynamic conditions ,if possible, 1Vhere the removed surface 
layer is continuously regenerated by exposure to the adsorbate 
gas. AES is not completely free of these inconveniences and, 
to some extent, beam perturbations are also observed. 32 For 
the same degree of detection complexity however, AES is more 
simple from the source point of view: \oJ'hereas differential 
pumping and gas handling are necessary in ISS, AES requires only 
the turning on the electron gun pouer supply. A comparison of 
ISS with other surface sensitive techniques is shmvn in 
Table II. 

6. SECONDARY ION }~S SPECTROSCOPY (SIMS) 

SIMS is an extremely sensitive surface and bulk analysis 
technique that has seen a very rapid development in recent 
years. The abundant literature published on the subject is an 
indication of the growing "interest in this new area of surface 
analysis. The reader is referred to several recent revie\oJ' 
papers and the references therein for more detailed infor
mation. 44 ,45,46 The basic principle is the ejection of atoms, 
ions and clusters from the surface by the impact of incident 
energetic ions. The sputtered secondary ions are collected and· 
mass-analyzed (see Fig. l2a). These ions, ,rith energies 
around 10 eV, have either positive or negative charge and are 
single atoms or clusters of atoms ejected from the surface 
around the impact zone. TIle energy of the impact is trans
mitted by a cascade process to the surroundin~ lattice atoms. 
Surface atoms may, as a consequence, become excited with 
enough energy to leave the solid. Present day instrunents 
utilize ion energies of several KeV and ion current densities 
from 10-9 A/cm2 up to 10-5 A/cm2 • TIle incident ions are chosen 
to be noble gases (Ar, Xe) and also reactive gases or molecules 
like 0" and r1.,. Mass spectroneters can be of the magnetic or 
quadrupole type. 

An inherent characteristic of SIMS, like in ISS, is that 
it destroys. the surface that it analyzes. This effect is either 
conveniently exploited in depth profile studies or minimized by 
using lou ion currents and/or large impact areas for surface 
studies. t.5 The importance of these depth profile studies 
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together \lith the very 10\1 detection limits (up to 1~~ of a 
ppm atomc concentration) in solving technological problems need 

.. not be emphasized. (See 3.1. 3 section) In surface stud,ies the 
sputtering action has to be minimized in such a way that the 
first layer is not significantly disturbed during the experi
ment. 47,48_ This can be achieved \-lith an ion current density of 
10-8 A/cm2 , which vlOuld result in the removal of one monolayer 
in one hour. This method is called "static SI11S" .1~4 ,48 

The surface selectivity is h1go due to the rapid decrease 
of ejection probability of secondary ions in going from the 
first to subsequent layers. TI1e detection sensitivity has been 
reported to have a limit of 10-6 of a mono1ayer44- 48 far super
ior to the one achieved by any other surface composition tech
nique. Besides, the e~ssion of molecules nay be used as a 
fingerprint of the chemical environment of the atom. 49 In fact, 
the distribution of the different products in the positive and 
negative ion spectra contains information about the valence 
state of the atom in the lattice. An example of positive and 
negative SU1S spectra is shmm in Fig. l2b, from a 
Si02 target. 1.5 

One problem of the SIlffi technique is the enormous varia
tion in yields for a given ion depending on its chemical . 
environment. The same element in metallic or in oxide form 
has an ion emission yield differing by a factor of roughly 103• 
The nlUIlber of positive metallic ions that are emitted, for 
example, can be very different depending on their 
charge transfer partners. Oxygen and electronegative eler.tents 
would have a greater tendency to pick up electrons- from the 
outgoing atoms than other metal atoms in the neighborhood. 50 ,51 
This oakes quantitative measurements based on peak intensities 
tOOre difficult. This inconvenience hm-lever, is more than 
compensated for by the high sensitivity of the technique. A 
very useful combination of techniques in surface analysis is 
the AES-Sltffi. The somehow complementary nature of the infor
mation obtained by each technique eliminates or at least mini
mizes many of tgi inconveniences encountered in the use of each 
one separately. 
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Table I 

Surface Enrichment of Binary Metal Alloys 

System Surface Excess 

Ag_Au15 Ag 

Ag_Pd16 Ag 

AI_Cu17 Al 

A C 18 u- u Au 

Au-Inl9 In 

Au-Ni2O Au 

Cu_tU21,22 Cu 

In_Pb23 Pb 

Ni_Pd24 Pd 

Fe-C/5 Cr 

Pt_Sn26 Sn 
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... 1 KeV Photoelectron 
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Table II 

Main Output Sensitivity Depth Commercially Depth . 
Information (Honolayer) Sanp1eu Available Profile 

Surface 
I 

Composition "'10-2 _10-3 1 - 7 YES YES I 

Qualitative 
Layers 

& Quantitative I 
I 

Surface -10-1 _10-2 I 

1 - 7 YES NO 
I 

Structure Layers 

Oxidation 
I 
I 

State & I 

"'10-1 -10-2 I 

Composition 1 - 7 YES YES 
Layers 

. Surfa<;:e 1 -10-3- 10-4 
Composition Layer YES YES 

, 

Surface ... 10-6 1 YES YES 
Coraposi tion Layer 
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FIGURE CAPTIons 

Fig. 1 Universal curve for the mean free path of an electron 
before it undergoes an inelastic collision. (From F. L. 
Sza1kovski, Ph.D. Thesis, University of California 
Laurence Berkeley Lab, 1973, and references therein.) 

Fig. 2 Hodel of heterogeneous solid surface depicting differ
ent surface sites. These sites are distinguishable 
by their number of nearest neighbors. 

Fig. 3 a) Scheme of the lmo1 energy electron diffraction (LEED) 
experinent. b) I~oH energy electron diffraction patterns 
and sche~atic representations of the surface config
urations of platinum single cr~stal surfaces:' a) Pt 
(111) containinz less than lOL defect/ cm2 ; b) Pt (557) 
surface containing 2.5xl014 atom/cr.12 with an average 
spacing hetween steps of 6 atoms and c) Pt (679) sur
face containing 2.3xl014 step atom/cm2 'and 7xl014 kink 
atoms/cm2 with an average spacing between steps of 7 
atoms and beUleen kinks of 3 atoms. 

Fig. 4 a) Diffraction uattern from the Pt (lQO)-(5xl) struc
ture. b) Schematic representation of the (100) surface 
with hexagonal overlayer. c) Diffraction pattern from 
the Pt (lOO)-(lx1) structure. d) Scl1ematic represen-

Fig. 5 

Fig. 6 

Fig. 7 
Fig. 8 

l!'ig. 9 

Fig. 10 

Fig. 11 

Fig. 12 

tation of the (100) surface • 
. Sche!:latic representation of the double-pass cylindrical 
mirror analyzer detection system. 
Auger spectrum of vanadiur.1 shoHing the Auger peak of 
a) segregated sulfur,surface plane (100); b) (110); 
c) polycrystalline foil. . 
Auger spectra of Au-Ag alloys and of pure Au and Ag. 
Auger peru~ intensities of a Si thin film on glassy 
carbon as a function of sputtering tine. 27 

Nitrogen Is binding energy for a variety of chemical 
compounds. 31 
Holibdenurn 3d binding energy for va.rious amounts of 
oxygen.)3 . 
a) Schematic representation of the ion scattering ex
periment; b) ISS spectrUI'l from a halogenated Hi 
sample 34 
a) Schematic representation of a Secondary Ion-!1ass 
Spectroscopy experiment; b) Sll1S ion spectrum of a 
surface structure composed of t~"o atomic species: 
Si (111) + 20 L 02, simofi emission. 45 
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