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Abstract: Surface phenomena and processes occurring atinterfaces play an important role in a varlety of industrial applications and an ever growing
need for surface characterization allowing better understanding of the processes can be observed.

After giving a short definition of a surface of a solid, some of the main surface analytical methods like LEED Low energy electron diffraction, STM
Scanning tunneling microscopy, AES Auger electron spectroscopy, XPS X-Ray photo electron spectroscopy, and SIMS Secondary ion mass
spectroscopy are briefly discussed.

The main surface phenomena which can change the chemical composition of surfaces are adsorption from the surrounding gas phase and
segregation of atoms from the bulk at elevated temperatures. Some theoretical considerations and illustrating examples of experimental studies on
those phenomena will be presented.

Analiza povrsin, meja in tankih plasti v materialoznanstvu

Klju€ne besede: znanost o materialih, pojavi povrsinski, sloji vmesni, aplikacije industrijske, plasti tanke, analiza povréine, difrakcija elektronska,
LEED difrakcija elektronov energije nizke, STM mikroskopija skenirna tunelna, AES Auger spektroskopija Elektronska, SIMS spektroskopija masna
zloni sekundarnimi, XPS spektroskopija fotoelektronska z X-zarki, SNMS spektrometrija masna z nevtrali sekundarnimi, vplivanje med materiali

Povzetek: Pojavi, ki se dogajajo na povrini in na meji med povréinama, postajajo vse bolj in bolj pomembni v razlicnin industrijskih vejah, saj lahko
opazimo stalen porast zanimanja za karakterizacijo povrsine, ki omogoga bolje razumevanje procesov na povidini.

Kratki definiciji povrsine trdne snovi sledi opis nekaterih glavnih analitiénih metod za karakterizacijo povréine, kot so: LEED-Low Energy Electron
Diffraction, STM - Scanning Tunnellling Microscopy, AES-Auger Electron Spectroscopy, XPS-X-ray Photo Electron Spectroscopy in SIMS-Second-
ary lon Mass Spectroscopy.

Pomembna povrsinska pojava, ki lahko spremenita kemiéno sestavo povrsin, sta adsorpcija iz okoli$nega plina in segregacija atomov iz notranjosti
snovi pri povisani temperaturi. V referatu predstavijam nekaj teoreticnih izhodisé, kakor tudi ilustrativne eksperimentalne rezulate teh fenomenov.

Introduction shown in fig. 1a, may be an acceptable model for
so-called "sheet" structures like graphite for example
which exhibits only weak dispersion forces between the
individual atomic layers. For a strong bonding between
the atomic layers the breakdown of balanced bonding

As every material interacts by its surface with the envi-
ronment, the surface will be different from the material
beneath it. But even if a clean surface of a solid would
be created within an extremely good vacuum bonding - corrosion
imbalances for the atoms exist for the outermost atomic
layers and they induce very special surface properties.
By those surface properties on the other hand, many
phenomena in material science are affected, some of - wear
those phenomena are listed in table 1.

- catalysis
- adhesion

- joining
The surface of a solid metal may be defined by the - inhibition
termination of the bulk state, where the symmetry of the - passivation
bulk is disturbed to give altered interaction forces in this - sintering
region. As a consequence of the bonding imbalances at
the surface the structure of the outermost atomic layers " 8.8.0.
may change in comparison to the bulk structure, this is FABLE - 1

schematically illustrated in fig. 1. The first example,
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Schematic of

a) a solid surface created by terminating the
bulk of a crystalline solid

b) bonding imbalances cause the outer layer to
move

¢) reconstruction of the surface

d) when exposed to a reactive medium, foreign
atorn adsorption can occur, possibly leading to
surface compound formation

Fig. 1:

forces at the surface leads to a rearrangement of the
outermost atomic layers, fig. 1b, which may result in a
relaxation or contraction up to 25% of the normal inter-
layer spacing, as was shown by detailed structure ana-
lysis for several crystal planes of metals /1/. Surface
reconstruction, fig. 1c, to minimize the surface energy,
can occur and is observed for some crystal faces of
covalently bonded semiconductor materials /2/. For sur-
faces which are exposed to reactive gas environment
atomic adsorption followed by incorporation into the
near surface region and surface compound formation
can appear, fig. 1d.
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For most real surfaces of polycrystalline materials the
situation will be much more complex than for the ideal
case of individual crystals as was discussed up to now.
For polycrystalline materials not only the outer surface
is of great importance, but also the structure and com-
position of inner interfaces like grain boundaries can
drastically influence material properties, this is illustra-
ted schematically in fig. 2. From all considerations up to
now it can be concluded that the most important interfa-
ce properties which have to be characterized by surface
analytical methods are:

a) the interface structure

b) the chemical composition of the interface
¢) the chemical bonding state at the interface
d) the electronic structure of the interface

To instrumentally probe a solid surface one of six basic
probes may be applied to the surface: electrons, ions,
neutrals, photons, heat or a field. The analysis consists
of measuring the surface’s response, also evidentinone
of these six ways, fig. 3. Combining all the probes and
responses in principle a large number of experimental
technigues results by which a surface may be analyzed.

8 (9 gas
08 00080 QOO0 08008 Q. surface
o /
o . / o
metal
with grain
b daries
o ounaarie
O
O
Fig. 2: Schematic of the equilibrium of species and
nonmetal atoms (dissolved) in the metal matrix
and segregated at the grain boundaries
EXCITATION RESPONSE
Electrons Electrons
Photons Photons
lons — lons
Neutrals— Neutrals
Heat Heat
Field — \) Field
& surface
solid
Fig. 3: Basic probes for surface analysis
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Most of the standard surface analytical methods are
based on unperturbated particle impact and detection
and thus require vacuum conditions, where the mean
free path of the gas molecules is larger than the dimen-
sions of the reactor. Moreover, since it is demanded to
analyze or characterize well-defined systems itis neces-
sary to establish ultra high vacuum conditions. From
kinetic gas theory it follows that the number of gas
particles Ns striking a surface area of 1 cm? per second
is given by

Wlm 2 P
Ns=N =2.634-10 T

where N equals the number of gas molecules per cm?®
and p is the gas pressure in mbar. Assuming an average
molecule is built of M = 28 (which could be N or CO) we
can see that at 10® mbar amb|ent pressure the number
of pamcles colliding with 1 ¢cm? surface area is about
10" and corresponds to the average number of surface
atoms being present in 1 cm? surface area. So for a
sticking coefficient of 1 within 1s a complete monolayer
of gas molecules would cover the surface. Evenat 10 10
mbar still about 10 to 10" particles hita 1 cm? surface
area in 1s, which means contamination problems could
arise during long-term surface analysis.

The achievement of those necessary ultra high vacuum
conditions nowadays is possible with commercial stain-
less steel vacuum chambers and for more detailed
information relevant textbooks on vacuum technology
exist /3-7/.

Experimental methods to characterize surfaces

During the last three decades a lot of different surface
analytical methods (about 130) have been developed,
but only a few of them have gained widespread use and
will briefly be discussed here. These are:

- for structural analysis
LEED Low Energy Electron Diffraction
STM Scanning Tunneling Microscopy

for the elemental composition and chemical bonding
states

AES Auger Electron Spectroscopy

XPS X-ray Induced Photoelectron Spectroscopy

for the elemental composition and/or for depth profil-
ing

SIMS Secondary-lon-Mass-Spectroscopy

SNMS Secondary-Neutrals-Mass-Spectroscopy

LEED Low Energy Electron Diffraction

About 70 years ago the theroretically predicted wave
nature of electrons /8/ had been experimentally demon-
strated by the LEED method /9/. According to the de
Broglie relationship

a=n h \HSO
D v
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an electron wave length A may be derived from the
momentum p and is related to the accelerating voltage
V(< 1keV)of an electron gun. Thus for electrons having
a kinetic energy of 150 eV the wave length A ~ 1 Awhich
is similar to the spacing between rows of atoms in a
crystal. If on a well-ordered crystal surface mono-ener-
getic electrons are impinging constructive interference
occurs for elastically backscattered electrons depending
on the crystal structure.

A schematic set-up of a LEED experiment is displayed
in fig. 4. Low energy electrons are produced by a catho-
de and are focused on the sample. The backscattered
electrons pass a grid system which cuts off the inelasti-
cally reflected electrons before the elastically diffracted
electrons are post-accelerated on to a fluorescent scre-
en. The diffraction and imaging process is illustrated by
fig. 5. The sample crystal, characterized by the magni-
fied two-dimensional grating, is mounted in the center of
the screen curvature on a mechanical manipulator within
a UHV chamber.

Coltecton

electron source
{gu

~5k VOH'I

Fig. 4: Schematic set-up of a LEED experiment

The electron wave originating from the gun hits the
surface and is diffracted at its atomic grating. The elasti-
cally backscattered electrons interfere with each other
thus leading to diffraction maxima and minima. The
maxima become visible on the fluorescent screen and
characterize the surface ordering.

Fig. 6 gives a typical example, the diffraction pattern for
a clean (100) oriented iron surface is shown.

If by an ordered surface reaction new positions on the
clean surface will be occupied, additional reflexes on the
fluorescent screen should appear if the ordering of the
additional atoms is not related by a (1x1) symmetry to
the ordering of the surface atoms. The ordered enri-
chment of dissolved phosphorus atoms at higher tem-
perature on (100) surface results at its saturation level
ina so-called ¢(2x2) surface structure, which is schema-
tically demonstrated by fig. 7a. The corresponding LEED
pattern registrated for haif a monolayer P atoms on the
clean iron (100) surface is given in fig. 7b.
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diffraction
spots

fluorescent
screen

two dimensianal

crystal lothce
(magnified)

Illustration of the diffraction and imaging
process occurring on a surface with a
two-dimensional grating

Fig. 5:

First order LEED reflexes of a clean iron (100)
surface

Fig. 6:

The electron spectroscopic methods

Because of several principal and experimental similari-
ties between the electron spectroscopic methods Auger
Electron Spectroscopy (AES) and X-Ray Induced Pho-
toelectron Spectroscopy (XPS), both methods will be
discussed together. In both cases an electron energy
analysis is performed with respect to electrons which are
emitted from the sample under study after primary exci-
tation with primary electrons in the case of AES and with
X-Rays for XPS. For electrons which are emitted and
traveling within a solid with a definite energy, the inela-
stic mean free path Am governs the surface sensitivity.
Am is defined as the mean distance an electron travels
before undergoing an inelastic event, i.e. some interac-
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Model of ¢(2 X 2) adsorption (segregation)

Schematic of a phosphorus c(2x2) structure on
an fron (100) surface

Fig. 7a:

Fig. 7b: LEED pattern of a phosphorus c(2x2) structure

on Fe(100) (compare with fig. 6)

tion whereby it loses energy. A compilation of experi-
mentally determined electron mean free path values for
solid elements was given by Seah and Dench /10/ and
is displayed in fig. 8. For electrons within the range of
10-2000 eV, which is the typical energy range for the
electron spectroscopic methods AES and XPS, Aum is
within the range of 0.5 to 2 nm or within about 2 to 10
atomic layers.

The actual escape depth A of electrons depends on the
direction in which they travel on their way to the analyzer:

A=AmCOS O

with © being the emission angle with respect to the
surface normal. Thus electrons emitted perpendicular to
the surface will arise from maximum escape depth whe-
reas electrons which are emitted nearly parallel to the
surface come from the outermost region of the surface.



H. Viethaus: Surface Interface and Thin Film Analysis ...

Informacije MIDEM 24(1994)4, str. 227 - 235

Lambda, monolayers

Elements -

"2 00
Energy, electron volts

Variation of the elastic mean free path for
electrons in solids with energy after Seah and
Dench /10/

Fig. 8:

By varying the angle of detection during an experiment
the surface sensitivity may be enhanced for the electron
spectroscopic methods.

The main components necessary to perform either Au-
ger Electron Spectroscopy or Photo-electron Spectro-
scopy are very similar and fig. 9 gives a schematic
representation of them. These consist of an excitation
source (X-Ray source or electron gun), a sample/ sup-
port system, an electron energy analyzer and an elec-
tron detector (Multiplier), all maintained under ultra high
vacuumn. A further component outside the vacuum sy-
stem are suitable electronics to convert the detected
current into a readable spectrum. Two types of energy
analyzers are currently most frequently in use, the cylin-
drical mirror analyzer (CMA), mainly for AES and the
concentric hemispherical analyzer (CHA) mainly for
XPS. Fig. 10 gives a schematic representation of both
types of energy analyzers. More detailed information on
the properties, advantages and disadvantages of the
different analyzers may be found in literature /11/.

Auger Electron Spectroscopy

The origin and nature of the Auger process /12/ can be
understood from the schematic diagram of electron
energy levels given in fig. 11. lonizing radiation (elec-
trons or X-Rays) ejects an electron from an atom in the
solid, leaving a hole in one of the atomic core levels. This
core level hole is quickly filled by an electron from a
higher level and energy is released. This energy can be
emitted in form of X-Rays or by a competing process
where another electron gains energy and is ejected from
the atom. This ejected electron is called an Auger elec-
tronand its energy depends on the energy of the atomic
levels involved in its production and is independent of
the energy of the ionizing radiation. Because of the
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Fig. 9: Schematic representation of the components

necessary for performing AES or XPS
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Fig. 10: Electron spectrometers used mainly for

a) AES CMA Cylindrical mirror analyzer
b) XPS CHA Concentric hemispherical analyzer

element specifity of the atomic energy levels, the emitted
Auger electrons are element specific and the energy
cistribution of the emitted Auger electrons may therefore
be used for an elemental analysis.
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All elements besides H and He give rise to Auger elec-
trons. For routine analysis of materials it is usually not
necessary to understand the origin of the Auger transi-
tion in detail and as a first approximation the kinetic
energy of an Auger electron may be given by (according
to fig. 12)

Ekin = EL1—EL23

Auger

\ / vacuum

L,
Ex
e - J RN - N
Epuger = Ex —ELT BT Vers
Fig. 11: Schematic of the Auger process

Auger spectra are normally displayed in one of two
ways. The direct spectra, fig. 12a, which shows the
energy distribution NeN(E) in dependence on E. Histori-
cally however, the derivate spectra Eo(dN(E))/dE have
been preferred, fig. 12b, which has the advantage that
the large slowly varying, inelastic background under the
Auger peaks is suppressed, as may be recognized by a
comparison of fig. 12a and 12b.

Auger spectra may be quantified with quite different
levels of sophistication. The level of accuracy depends
very much on the materials system and the instrument.
Up to now there is no general method of quantifying
Auger spectra. Several reviews on this subject are given
in literature /13,14/.

X-Ray Photoelectron Spectroscopy

Fig. 14 schematically presents the related process
which is involved in the ejection of a photoelectron. The
photoemission process is shown on an energy level
diagram. The sample is irradiated with X-Rays of known
energy h.v and a sample electron is emitted from the K
(or 1s) level. Due to the photoeffect the kinetic energy
Ex of the emitted elactron is given by

Ex=h -v-EB

where Eg is the binding energy of electrons in the
K-level. As the energy h.v of the X-Rays is known, a

232

- ——T T
600 | survey |
K
550 L i
£ 500 ]
o}
u 450 +
n -
. 400 - W
5 350 | .
300 |- 4
200 400 600 800 1006 1200 1400 1600
Kinetic Energy / eV
Fig. 12a:  AES spectrum energy distribution N(E)/dE vs £
6000 =
4000 survey
C 2000 |- i
a
u o of wﬁ\ e e
—g
5 -2000 f} |

-4000 ¥ -

-56000 1 -

600 800 1000 1200 1400 1600

Kinetic Energy / eV

200 400

Fig. 12b:  AES spectrum dN(E)/d(E) vs E

PN

—8-9-5-0-6-8—L,; 002
e e G

Loax

PHOTOELECTRON
PHOTON »
—~
-~
-
~
-

-
G K OR 18

EylK) = hv - Eg{K) - D,
or

E4l) = v+ Eg(K) - 0

Fig. 13: Schematic respresentation of the XPS process

measurement of the kinetic energy of the photoelectron
can be used to determine the binding energy of the
electrons. Atypical XP-spectrum is generated by plotting
the measured photoelectron intensity as a function of
binding energy, fig. 14. The binding energies of the
observed lines are characteristic for each element and
are adirect representation of the atomic orbital energies.
Handbook data of these lines for all elements (besides
H and He) exist /15/.

By XPS itis possible to distinguish between a particular
element in different environments., This is due to the fact
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that placing the same atom into different chemical envi-
ronment gives rise to a change in the binding energies
of the core-level electrons. This change in binding ener-
gy is called "chemical shift" and appears as a definite
movement of the binding energy ¢f the involved elemen-
tal peak in the XP-spectrum. One of the major advanta-
ges of XPS is the ease with which quantitative data can
routinely be obtained. This is usually performed by de-
termining the area under the peaks in question and
applying previously determined sensitivity factors. Amo-
re detailed discussion of quantification of XPS results is
given by several authors, for example by /16/.

500 |- ' ' ’ ’ ]
survey

k 500 |- N
C 400 |- i
0
u 300 |-
n
¢ 200 |- i
S

100 |- i

0 1 ) ' I 2
0 200 400 00 800 1000
Binding Energy / eV

Fig. 14: XPS survey spectrum

As was pointed out already the depth from which pho-
toelectrons are measured depends on the angle © of
detection, i.e. the angle of emission direction to surface
normal, schematically shown in fig. 15. From this figure
we can see that detection close the surface normai
enhances signals from the bulk relative to the surface
while detection close to the surface place enhances the
signal from the surface to the bulk. Thus by varying the
angle of detection non-destructive depth information, as
presented in fig. 16, can be achieved. This figure shows
XPS data for a thin film of SiO2 on Si. For small values
of © the main contribution to the spectrum is from the
bulk Si, while at larger values of the © contribution from
Si02 becomes more important. For very thin layers on a
substrate this approach is obviously preferable to the
destructive ion etching methods for thin film analysis,
which will be discussed in the following section.

Secondary lon Mass Spectrometry (SIMS)

The basic principle of the SIMS method is illustrated
schematically in fig. 17. Primary ions of high enough
energy (0.1 to 10.0 keV) bombard the surface of a solid
and generate a collision cascade within the surface near
region of the sample. During this impact ionized atomar
or molecular species are emitted from the surface into
the vacuum. The ejected secondary ions are detected
by a mass spectrometer. The distribution of the emitted
positive and negative ions is characteristic for the chemi-
cal composition of the sample surface. There are two

233

2 =

Fig. 15:

taka-off angle

R
Surface Layer

NANM AN VN G

y""” e

Schematic showing surface sensitivity as a
function of emission angle. Small © enhances
the signal from the bulk, while large © enhances
the signal from the surface

Buik

Si

Si2p Photoelectron Intensity [arbitrary unit)

SGOM
NLJ\J\
}

S VU WO N U SR MY N A

Fig. 16:

100 105

Binding Energy {(eV)

95

Study by XPS of the interface between Si and a
thin fitm of SiCz on the Si substrate. c— angle
between surface and normal



Informacije MIDEM 24(1994)4, str. 227 - 235

H. Viefhaus: Surface interface and Thin Film Analysis ...

different modes of application of the SIMS method. For
the static SIMS method very low primary ion current
densities are used so that the analysis is restricted to
the outermost atomic layer of the solid sample. If fine
focused ion sources are used and the primary ion beam
is scanned across some sample area, the secondary
electrons emitted by the impact cascade may be used
to get a topographic image of the sample. By recording
selected emitted secondary ions, an elemental mapping
of the sample surface is possible. Each elementai map-
ping of the sample surface is possible. Each elemental
corresponds to one removed atomic layer.

For the dynamic SIMS method high ion beam current
densities are used in order to sputier with a relatively
high rate succeeding surface layers. By this a high
detection sensitivity of 10'® atoms per cm® can be
reached. This high sensitivity combined with the possi-
bility to measure concentration profiles means that this
kind of application of SIMS is ideal to determine doping
and impurity levels in solids. By SIMS not only all ele-
ments but also isotopes can be detected mass spec-
trometrically.

A schematic drawing of a SIMS system is given in fig.
18. The main components are the ion socurce, the mass
spectrometer and the sample holder and manipulator.
Additionally, an electron gun may be used for charge
compensation during analysis of poor conducting sam-
ples orinsulators. The oxygen ion source enables reac-
tive sputtering in order 1o increase the secondary ion

Secondary - jon - Mass - Spectrometry (SIMS)

Basic principle
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ion

beam mass spectromeier
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Fig. 17: Schematic of the SIMS process
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yield for metallic samples and to minimize so-called
matrix effects.

The static method of SIMS was very frequently used to
study the adsorption of gases particulary oxygen on
metal surfaces. Toillustrate the possibilities of the static
SIMS method an example will be given for carbon
monoxide adsorption on an iron surface. Depending on
the kind of metal the adsorption of carbon monoxide on
metal surfaces may be molecular or dissociative. Exam-
ples are

Cu, Pd, Ni molecular
and W dissociative

In the case of iron both types of carbon monoxide
adsorption can occur. By static SIMS studies the individ-
ual type of adsorption may be characterized by the type
of secondary ions which appear during sputtering as
was shown by /17/ for example for CO adsorptiorn on
iron, fig. 19. For dissociative adsorption MC*, MO™,
MO™2 and M2C (M for metal) secondary ions should be
observed and on the other hand molecular adsorption.
Fig. 19 demonstrates that for CO adsorption on iron all
types of secondary ions were registrated.

Secondary Neutrals Mass Specirometry (SNMS)

The SNMS method shows many similarities with the
SIMS method discussed before. Again primary ions of

Four steps are involved in SIM8 characterisation:

1. The bombardment of the sample (under uhv-conditions)
by primary ions of sufficient energy in the keV range

2. Sputtering of the outermost atomic layers, the spuitered
material consists of about 99% secondary neutrals and
a small fraction of positive or negative secondary ions

3. The extraction of the emitted ions prior to their injection
into a mass spectrometer which separates (or filters) the
different species according to their mass/charge ratio

4. The detection of the secondary ions with a large
dynamic range (10" in intensity | (c.p.s.)

Different types of mass spectrometers can be used:

quadrupoles, ToF, magnetic.

{daltons)
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Fig. 18: SIMS system (main components)
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FeCO*
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Fig. 19: SIMS spectrum reCO(ged at equilibrium when

iron is exposed to 10 Torr of carbon monoxide

high enough energy (0.1 to 10 keV) generate a collision
cascade in the surface near region of a solid sample. As
a consequence molecular and atomar fragments are
emitted from the surface into the vacuum. The emitted
secondary ions used for SIMS analysis are separated
and the emitted neutrals are post ionized by electron
impact and detected by a mass spectrometer. Also in
this case the emitted neutrals are characteristic for the
chemical composition of the sample surface. Post ioni-
zation may also be performed by a low pressure plasma
above the sample or by laser bombardment. Decoupling
the sputter and ionization process the ionization prob-
abilities are predictable and independent on matrix ef-
fects. For this reason, the SNMS method is much better
suited for quantitative measurements than the SIMS
method.
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