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After  a shor t overview of recent analyt ical techniques for composi t iona l surface analysis a n d the de te rmina t ion of concent ra t ion
d e p t h profiles, the principle, t he Ins t rumen ta t ion and the Performance of the routinely used electron spectroscopic a n d mass spectro-
met r ic me thods , namely p h o t o - a n d Auger electron spectroscopy as well as secondary ion and secondary neutra l mass spectrometry,
are descr ibed. T h e appl ica t ion of these techniques to electrically insulat ing surfaces a n d layer structures is par t icular ly emphasized
by co r re spond ing pract ical examples . Secondary neutral mass spect rometry is specifically addressed with regard to the potentiali t ies
of the novel high-frequency m o d e of electron-gas secondary neutra l mass spect rometry for quant i ta t ive compos i t ion analysis and
high-resolut ion d e p t h profiling of electrically nonconduc t ing sample structures.

Chemische Ober f lächen- und Dünnf i lmanalyse bei der Glasbesch ichtung

N a c h e inem Überb l i ck über die M e t h o d e n zur Best immung der chemischen Zusammense t zung von Oberf lächen u n d zur Ermi t t lung
von Konzentra t ionst iefeprof i len werden das Prinzip, die instrumentei le Realis ierung u n d die Arbeitsweise der rou t inemäßig eingesetz-
ten e lekt ronen- u n d massenspek t romet r i schen Me thoden , näml ich der F o t o - u n d der Auger-Elektronenspektroskopie sowie der
Sekundä r ionen - u n d Sekundärneut ra l te i lchen-Massenspekt romet r ie , beschrieben. Dabe i werden insbesondere die Möglichkei ten zur
A n w e n d u n g dieser M e t h o d e n au f dielektr ische Proben u n d Schichts t rukturen a n h a n d von prakt ischen Beispielen behandel t . Im
speziellen werden die Mögl ichke i ten dargestel l t , die sich mit der neuentwickel ten Hochf requenzmethode der Sekundärneutra l te i l -
chen-Massenspek t romet r i e auf der Basis der Nachionisa t ion in einem heißen Elekt ronengas ergeben.

1, General overview
W i t h decreas ing d imens ions a n d increas ing soph is t i -
c a t i o n o f the a rch i tec tu re o f glass coat ings the t r a -
d i t i o n a l techn iques f o r the c h e m i c a l charac te r i za t ion o f
mate r ia l s have t o be m a n d a t o r i l y rep laced w i t h such
techn iques w h i c h c o m b i n e q u a n t i t a t i v e chemica l ana ly -
sis w i t h h i g h d e p t h r e s o l u t i o n . A l s o the precise charac-
t e r i za t i on o f the glass sur face o n w h i c h  a layer s t ruc tu re
is b u i l t u p is a necessary p re requ is i te f o r guarantee ing
the des i red qua l i t i es o f a c o a t i n g , as f o r instance i ts a d
hes ion . I n pa r t i cu la r , t he k n o w l e d g e o f the cond i t i ons
a n d the behav io r o f the interfaces at t he glass Substrate

a n d w i t h i n  a layered s t ruc tu re are decisive fo r the func-

t i o n a l p roper t i es o f a c o a t i n g .

T h e re levant i n f o r m a t i o n c a n be supp l i ed by ana l y t i -
ca l techn iques w h i c h have evo lved f r o m the f ie ld o f sur-
face physics. Such m e t h o d s are based o n the exc i ta t ion
o f sur face-sensi t ive a n a l y t i c a l s ignals t h r o u g h the in te r -
a c t i o n o f p h o t o n s , e lect rons o r i ons w i t h the o u t e r m o s t
a t o m i c layers o f a sample. T h e r e is d i s t i ngu ished , i n pa r -
t i cu la r , be tween t w o m a i n g roups , i.e.
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 e lec t ron spectroscopic techniques such as Photoe lec-
t r o n (PES) o r A u g e r e lect ron spect roscopy ( A E S ) by
w h i c h the ana ly t i ca l i n f o r m a t i o n is der ived f r o m the
k ine t i c energy o f electrons released f r o m surface
a toms o r surface-near e lect ron ic bands, a n d

 mass spect romet r ic me thods such as secondary i o n
( S I M S ) o r secondary neu t ra l mass spec t romet ry
( S N M S ) charac te r i z ing charged o r neu t ra l a toms a n d
molecu les released f r o m the sample surface.

Besides these me thods numerous o ther techniques
fo r the chemica l , b u t also f o r the s t ruc tu ra l charac te r i -
za t i on o f so l i d surfaces have been deve loped, e.g. [1 t o
6]. T h u s , the spectra l charac te r i za t ion o f the l i gh t emi t -
t ed d u r i n g the i o n b o m b a r d m e n t o f a glass surface can
del iver usefu l i n f o r m a t i o n a b o u t the surface-near c o m
p o s i t i o n [7]. Backscat te r ing m e t h o d s enable the mass o f
surface par t ic les t o be der ived f r o m the loss o f k ine t i c
energy w h i c h i m p i n g i n g and subsequent ly backscat tered
par t ic les experience d u r i n g the i r i n t e rac t i on w i t h the sur-
face [8]. D e t a i l e d chemica l i n f o r m a t i o n abou t the shor t -
range a t o m i c o rder o r even the a tom ic n e i g h b o r h o o d
c o n d i t i o n s i n a so l id are possible as w e l l , e.g. b y a care fu l
i nspec t i on o f the f ine s t ruc ture near X - r a y a d s o r p t i o n
edges ( E x t e n d e d X - r a y A d s o r p t i o n F ine S t ruc tu re
( E X A F S ) [9]). Recent scann ing p r o b e techniques such as
Scann ing T u n n e l i n g M i c r o s c o p y ( S T M ) o r A t o m i c
Force M i c r o s c o p y ( A F M ) d o n o t on l y supp ly i n fo r -
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mat ion about the nanos t ruc tura l or even the atomic Or
der also on nonconduct ing surfaces, but deliver to some
extent also local chemical information v^hen being oper-
ated in a spectroscopic m o d e [10]. The au thor will, how
ever, concentrate here on such techniques for chemical
surface analysis which have become of practical impor-
tance to a larger extent.

The analysis of thin films becomes possible when
such me thods are combined with an appropriate micro-
sectioning technique [11]. Besides mechanical bevelling
methods as a well defined grinding with a rotat ing
sphere, the controlled sput ter removal of the surface by
low-energy ion b o m b a r d m e n t has become the most
widely applied method in that context. U n d e r careful
Operation, sputter erosion enables composi t ional dep th
profile analysis almost a long an a tomic scale.

When ion sputtering is employed either for dep th
profiling or to remove contamina t ion layers from the
surface to be analyzed, an impor t an t difference between
the above-mentioned groups of analytical techniques has
to be taken into account: While the electron spectro-
scopic techniques are detecting what is left at the surface
after it has been attacked by the ion bombardmen t , the
Signals obtained with the mass spectrometric techniques
refer to those particles which are leaving the surface.
This makes bo th groups of me thods complemental to
each other.

The analytical information obta ined with either of
these techniques may differ considerably, since a prefer-
ential removal of certain species from the surface
through the ion b o m b a r d m e n t can sometimes cause
drastic deviations from the original surface composi t ion.
In that respect, a mass spectrometric me thod like S N M S
collecting the removed surface particles with specific,
but well-defined detection probabihties may be more
beneficial.

As another general aspect, the large differences be
tween the detection power of the individual techniques
have to be considered: Electron spectroscopic me thods
such as A E S or PES are in general confined to a detec-
t ion power of at best several tenths of an atomic percent,
i.e. concentrat ions of 10~^ to 10~^. O n the contrary,
mass spectrometric surface analytical techniques provide
always detection powers in the p p m ränge; sophisticated
SIMS or S N M S Instruments enable one even to detect
concentrat ions down to the p p b regime.

Since in all analytical techniques being dealt with
here an electrical charge is either b rought to or removed
from the sample surface via the probing or the detected
species, they can readily be applied to sample structures
of sufficient electrical conductivity. Special addi t ional
measures, however, have to be implemented for the
analysis of a non- or poor ly conduct ing Substrate Hke
glass, or even more mandatori ly, when the coat ing con-
sists entirely or in par t of dielectric material . In order to
make surface-analytical techniques, especially in con-
junct ion with sputter dep th profiling, applicable to such
sample structures, emphasis must be paid on how to

compensa te any surface charging which would de te r io-
rate either the characteris t ic electron energies in A E S
or P E S or prevent any control led sput ter removal by
decelerating the b o m b a r d i n g ions.

In the following sections the surface-sensitive cha rac -
ter of the electron a n d mass spectrometr ic t echn iques
will be discussed as weh as the possibihties for h igh-reso-
lut ion sput ter dep th profiling. T h e physical b a c k g r o u n d
a n d the exper imental procedure of the different tech-
niques will be described, part icular ly wi th regard t o the i r
appl icat ion to nonconduc t ing samples. Recent m e t h o d i -
cal progress which is no t yet included in available text-
b o o k s or reviews on surface and th in film analysis will
be addressed where appropr ia te wi th regard to t he analy-
sis of dielectric, i.e. electrically insulat ing structures.

2. Conditions for surface-sensitive chemical
analysis and high-resolution depth profiling
2.1 Surface sensitivity
Electrons released from element-specific a tomic energy
levels o r a tomic b a n d s can only deliver the desired infor-
ma t ion abou t the respective species when they leave the
sample surface wi th their original energy. Hence , they
mus t no t experience any inelastic processes in the solid
unti l Crossing the vacuum energy level. This r equ i remen t
establishes the high surface sensitivity of the e lectron
spectroscopic m e t h o d s P E S and A E S . T h e "e las t ic" es
cape dep th or "inelastic free p a t h " of p h o t o - o r Auger
electrons is for Statistical reasons exponential ly decaying
with the dep th ζ from the surface of a " r a n d o m " sample ,
i.e. when the influence of single crysta lhne effects c an
be neglected. T h e electron escape function can then be
described by /esc  exp ( -z /A (£" ) ) , where λ{Ε) is the
m e a n electron escape dep th or the inelastic m e a n free
pa th for electrons originat ing with an energy Ε t h r o u g h
photo ion iza t ion or Auger processes. T h e Variation of λ
with the electron energy Ε follows wi th a relatively small
scatter a uni form curve being depicted in figure 1. Fo r
electron energies in the order of a few 100 eV, λ is only
in the order of a few a tomic distances. Pho toe lec t ron
a n d Auger electron spectroscopy measur ing the or iginal
electron energies are thus p rob ing only the a toms in the
o u t e r m o s t a tomic layers, and hence, the surface c o m p o -
sition.

T h e universal curve for the electron inelastic m e a n
free p a t h can be in a good approx imat ion descr ibed by
the relat ion [12]

λ{Ε) = AE-^ ^ B{aE) Λ0.5 (1)

λ{Ε) is ob ta ined in t e rms of monolayers when the elec-
t ron energy Ε is given in eV. T h e quan t i ty α describes
the mono laye r thickness in nm. T h e coefficients Α a n d
Β a m o u n t t o 538 a n d 0.41 for elements, or to 2170 a n d
0.72 for inorganic Compounds [1, p. 209].
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T h e informat ion dep th of the mass spectrometric
techniques S N M S a n d S I M S is comparable with λ(Ε)
or even m o r e shallow. This has been demonst ra ted by
Computer s imulat ions of the in teract ion of energetic par-
ticles wi th solid surfaces [13], o r experimentally by the
dep th resolut ion wi th which atomically sharp interfaces,
for example in carefully p repared multilayer structures
of shor t - range ordered mater ia l , can be probed. A n ex
ample is given in figure 2. By S N M S depth profiling
with normal ly incident Ar"^ ions of only 200 eV the ex
per imenta l 84 to 1 6 % interface wid th between two sub-
layers in a s i l i c o n - t a n t a l u m multi layer structure has
been found to be in the order of only 1.5 n m [14]. This
agrees well wi th the physical limit given by the atomic
roughness arising from the statistics of the removal of
surface a toms dur ing the sput ter process. F rom corre-
spond ing simulat ions such a tomic roughnesses are found
to be in the order of 4 to 5 a tomic dis tances which agrees
well wi th the best interface widths obta ined in sputter
dep th profiling. Hence, an exper imental t ransi t ion width
as in figure 2 canno t only be assumed to describe an
atomically sharp interface, bu t demonst ra tes simul-
taneously tha t for sufficiently low p r imary ion energies
the part icles being analyzed with S N M S or S IMS are
a lmost completely released jus t from the ou te rmos t
a tomic layer.

2.2 Experinnental techniques for high-resolution
depth profiling

For relatively thick layer s t ructures bevelling or tapered-
section techniques can be applied successfully to obta in
dep th -dependen t chemical informat ion across the layer
thickness. Tapering can be achieved by appropr ia te ma
chining such as, for instance, the format ion of a flat bowl
with a rotat ing ball. Extremely flat bevelling angles
down to 10""*° to 10~^° can also be realized by sputter
erosion wi th an ion b e a m of slight divergence, i.e. a mi
nute lateral Variation of the ion cur rent density.

T h e dep th resolut ion achieved across a tapered sec-
t ion can be est imated from figure 3. When an ideally
Sharp interface between two sublayers I and II, or be-
tween a coat ing a n d a Substrate is p robed by an analyz-
ing electron or ion b e a m of d iameter d^, the (absolute)
dep th resolut ion Az is given by [11]

Az  J b S i n a + oleosa , (2)

where α is the bevelling angle a n d 31 is the information
dep th of the analytical technique (see section 2.1). Az
becomes smallest when the influence of the larger of the
two quant i t ies d\^ οτ δΐ is minimized via the choice of
the bevelling angle a. Since in mos t cases the infor-
m a t i o n dep th δ l is below the b e a m diameter d^, a depth
resolut ion Az close to the informat ion depth is obta ined
for α 0. Therefore, bevelling angles well below 1
should be used when cut t ing mechanical ly th rough a 
thick layer structure.
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Figure 1. Exper imenta l da ta of elastic m e a n electron escape
dep th o r inelastic m e a n free electron pa ths in solids [12].
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Figure 2. Sput ter dep th profile measured wi th secondary
neutra l mass spect rometry across a sublayer interface in a 
S i l i c o n - t a n t a l u m muldlayer s t ructure [14].

Layer III

Figure 3. Principle of dep th profile analysis by the tapered-sec-
t ion or bevelling m e t h o d .

It can be readily seen from equation (2) that for small
i5/ values a sample removal parallel to the film plane, i.e.
with q :  0, is mos t favorable. In that case ion sput ter ing
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Figure 4. Schematic of the fundamental processes for photo-
and Auger electron spectroscopy

is the most appropr ia te microsectioning technique. H o w -
ever, special precaut ions are manda to ry to eliminate de
teriorating influences from so-called crater effects, i.e.
from a curved b o t t o m of the sputtering crater, or from
signal contr ibut ions from the crater walls. Lateral in
homogeneities of the bombard ing ion current density
have, therefore, to be strictly avoided. This can be
achieved by rastering an ion beam across the analyzed
area or, even more advantageously, by low energy ion
b o m b a r d m e n t from a low-pressure p lasma when an ex
tremely plane extract ion geometry is estabhshed [15].
The latter me thod is used in the so-called direct b o m -
bardment m o d e of S N M S (see section 4.2). The example
shown in figure 2 has been obtained with this technique.

Signal contr ibut ions from the crater walls can be
suppressed for A E S when the nar row probing electron
beam is directed preferentially to the center of the ion
beam raster area, or for S IMS and S N M S when by an
appropriate gating technique signal recording is only
performed when the raster-scanned ion beam hits the
center of the sputter crater. In the direct b o m b a r d m e n t
mode of S N M S contr ibut ions from the crater walls can
be well suppressed when the diameter of the b o m b a r d e d
area becomes large enough, so that again only its central
par t is "seen" by the entrance aperture of the detection
System.

Dep th resolution in sput ter profiling can further be
deteriorated by a number of effects as the development
of a bombardment - induced surface microtopography
due to structural or chemical inhomogeneit ies of the
sample [16], by colHsional a tomic mixing effects which
may smear out sharp interfaces in the analyzed film
structure, and a delayed or preferred sputter removal of
different sample consti tuents. The latter effect does no t
only result in a delayed signal decay when profiling
across an interface, bu t is even more impor t an t in view
of the resulting variat ions of the surface composi t ion
due to preferential sputtering effects. As already men
tioned in section 1., this may lead to strong differences
in the analytical information obtained with electron
spectroscopic techniques on the one hand and mass
spectrometric me thods on the other.

O p t i m u m dep th resolut ion is qui te obviously o b
ta ined when a tomic mixing effects are avoided, i.e. when
energy deposi t ion t h rough the ion b o m b a r d m e n t is con
fined to the informat ion dep th of the respective analyt i -
cal me thod . Hence, a low energy and /o r a h igh m a s s of
the b o m b a r d i n g ions result ing in a very limited r änge of
the impinging ions in the solid is mos t preferable. Be
cause of large angle scat tering effects between p r i m a r y
part icles and sample a toms, such condi t ions can be es
tablished ra ther incompletely by a n obl ique incidence of
a high-energy ion beam. Sample ro ta t ion u n d e r ob l ique
ion b o m b a r d m e n t has been p roposed as ano the r m e t h o d
to improve dep th resolut ion [17]. This technique leads
indeed to sharply detected interfaces. O n e has, however,
to be aware tha t because of a k ind of sput ter pol ish ing
rough interfaces may then appea r m u c h sha rpe r t h a n
existing in the real sample s t ructure.

3. Electron spectroscopic methods for
surface analysis
3.1 Photoelectron spectroscopy

3.1.1 Physical background and instrunnentation
T h e basic mechanisms of electron emission s t imula ted
by p h o t o n or electron Irradiat ion are schematically
shown in figure 4. T h e P E S signals result from the p h o
toionizat ion process in a cer ta in energy level in the
a tomic core, a valence b a n d or the conduc t ion b a n d . A n
ionizat ion in a core level can also be followed by a re
a r rangement of the electronic s t ructure which m a y lead
to the emission of an Auger electron in a radiat ionless
process. Therefore, in electron energy spectra resul t ing
from the Irradiat ion with p h o t o n s of sufficient energy
(soft X-rays) Auger electron peaks d o always appea r
besides the photoe lec t ron peaks. Since Auger electron
emission is independent of the k ind of the p r i m a r y ioni
zat ion event, pho toe lec t ron peaks can be readily dis-
cr iminated against the Auger peaks by a Variation of the
energy of the i r radiat ing pho tons .

Depend ing on the energy of the incident p h o t o n s
and, hence, the regime of the electron b ind ing energy
which is p robed , it is dist inguished between Ult raviole t
Photoe lec t ron Spectroscopy (UPS) a n d X-ray- induced
Photoe lec t ron Spectroscopy (XPS). While U P S , em
ploying p h o t o n energies of 10 to 40 eV, has b e c o m e a n
i m p o r t a n t tool for the de te rmina t ion of electronic b a n d
structures a n d the character iza t ion of adsorba te Systems,
X P S using in general the excitation wi th the M g K ^ i 2 
line (1253.6 eV) or the AlK«i,2 line (1486.6 eV) p robes
element-specific electronic core levels (and was hence
originally deno ted as Electron Spectroscopy for Chemi -
cal Analysis (ESCA)) . As an i m p o r t a n t condi t ion for the
Identification of specific electron b inding energies, E^,, 
the line wid th is sufficiently small in b o t h cases (0.7 a n d
0.85 eV, respectively).

Besides the p h o t o n source  a gas discharge l a m p
most ly opera ted wi th he l ium or n e o n in the case of U P S
or a low-energy X-ray tube for X P S  a n electrostat ic
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energy analyzer wi th an e lectron-count ing system is the
other essential c o m p o n e n t of a P E S apparatus . M o s t
frequently a hemispher ical analyzer is used. According
to figure 5 the electron energy at the entrance of the
analyzer system is given by

E]^ = hv Εζ Φ,sp ? (3)

where Εξ is the respective electron-binding energy re-
lated to the Pe rmi level of the sample material , a n d Φ^ρ
the (fictive) spect rometer work function being a cons tan t
of the P E S appara tus . For a fixed p h o t o n energy h ν and
after the de te rmina t ion of Φ^ρ via a Standard sample
(mostly gold wi th Εξ  83.98 eV for the 4f7/2 electron
energy level) the element-specific electron-binding ener-
gies Εξ can be de te rmined from the measured Ey^ values,
b o t h varying inversely to each other.

T h e hemispher ical energy analyzer of a PES appa-
ra tus is in general preceded by an electron optical decel-
erat ion system by which the electrons are preretarded
before enter ing the analyzer. The comple te system can
be opera ted in two modes :

a) In the so-called fixed re tardat ion rat io mode ( F R R )
the electrons are re ta rded to the central ray energy  EQ of
the analyzer such tha t EJEQ  const . In this m o d e the
energy resolut ion AEIE is cons tan t a n d the absolute res-
olut ion A^* is improved by shifting E]^ to a lower, vari-
able pa th energy  EQ. T h e analyzer t ransmission Tis p ro-
por t iona l to Eo and , hence, to E^^ in this case.

b) In the fixed analyzer t ransmission m o d e (FAT mode)
the electrons are decelerated always t o a fixed central ray
energy Eo which results qui te obviously in a cons tan t
absolute energy resolut ion AE. T h e analyzer t rans-
mission Τ in tha t case is p ropor t iona l to EolE^. 

The electron intensity arriving at the count ing
element (multiplier or Channel plate) is given by
Ic - T- N{E), where A^(^) is the height of the electron
energy dis t r ibut ion a r o u n d a n energy E. Then, the X P S
Signals are p ropor t iona l to N(E]^)  Ey^ in the F R R mode ,
bu t to N{E}^IEy, in the FAT mode , when the electron
decelerat ion is assumed no t to change the original en-
ergy dis t r ibut ion.

3.1.2 Quantification of PES
Figure 6 displays the X P S spec t rum for a contaminated
glass surface. T h e respective measurement was per-
formed in the FAT m o d e wi th a fixed analyzer pa th en
ergy of 117.4eV. T h e Ey, axis has already been t rans-
ferred in to tha t for the electron-binding energy Εξ ac-
cord ing to e q u a ü o n (3). A p a r t from the photoelectron
peaks (for instance the Ο Is o r the N a Is peaks) the spec-
t r u m conta ins Auger electron peaks (O K W or C K L L )
as expected.

T h e photoe lec t ron signal from a sample that is
h o m o g e n e o u s in the analysis vo lume can be writ ten in a 
simplified form as

Common potential of
imple and spectrometer.

hv

<T>SAMPLE

Vacuum
levels

Sample

Permi level

Spectrometer

Figure 5. Relat ion between the measured kinetic electron energy
E^ and the electron binding energy Εξ in photoelec t ron spec
t roscopy (A cor responding scheme applies to Auger electron
spect roscopy)
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Figure 6. X P S spec t rum for a con tamina ted glass surface (ex-
citat ion by AlK« , analyzer pass energy 117.4eV in the FAT
mode) . (Measurement by K. Berresheim, IFOS.)

where jhv is the incident p h o t o n fiux density (in general
10^^ photons/(cm^ s)), «χ the number of a toms of ele
ment X per cm^, σχ the photoionizat ion cross-section
for the considered orbital of X, Αχ the mean escape
depth (inelastic mean free path) of the respective pho to -
electrons, Τ the analyzer transmission, and Έ a geometry
and efficiency factor of the individual PES Instrument.
When the factors being characteristic of the excitation
of a certain photoelect ron peak and the individual ap
para tus are combined to a detection factor 5 χ , equat ion
(4) can be rewritten as

(5)

/ ^ ' = Λ ν · « χ · σ χ · 2 χ · R - F , (4)

Finally, from the i n d i v i d u a l v a l u e s for all different ele-
ments in the analysis volume the concentrat ion of X is
obta ined as
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Figure 7. Chemical shift of the 4f5/2 (left) a n d 4f7/2 (right) p h o -
toelectron peaks from X P S analysis dur ing the sput ter removal
of a Ta205 film on t an t a lum with 2 keV Ar"^ ions. (/ 0 refers
to Ta205, t  870 min to pure t an ta lum. ) (Measuremen t by
J. Sopka , Universi tä t Kaisers lautern.)

4+ s
R 1^

Figure 8. Scheme of an A E S appara tus with a cyhndrical mi r ror
analyzer. E M : electron multiplier, I: ion gun, K: coaxial elec-
t ron gun, L: lock-in amplifier, M : magnet ic shield, P: sample,
R: spec t rum recorder, S: saw-tooth generator for scanning
across the Auger electron spect rum;  1,2: cyhndrical mi r ro r elec-
trodes.

Ιχ/Sx (6)

For the quantification according to e q u a ü o n (6) / χ (or
//) has to be taken as the total count rate of the con-
sidered photoelectron peak, i.e. the area of the peak
after subtract ing the background signal in an appropr i -
ate way, mos t simply by a linear Interpolation between

the two footpoints of the peak. Α cor responding evalu-
at ion of the X P S spec t rum in figure  6 yields, e.g., an
oxygen concent ra t ion (in at. %) of 30.4 a n d a c a r b o n
concent ra t ion of 49.7 at the con tamina ted surface.

A n i m p o r t a n t aspect of the X P S m e t h o d is the p o s -
sibility of gett ing informat ion abou t the chemical State
of an a tomic species by a chemical shift of the individual
photoe lec t ron peaks. This effect results from the change
of the energetic s t ructure of the electron system resul t ing
from the charge transfer dur ing the format ion of a 
chemical b o n d . I t is this possibility which makes X P S ,
in part icular , useful n o t only for the compos i t iona l
character izat ion, bu t also for the detect ion of the b ind-
ing condi t ions at a sample surface. In a dynamic m o d e ,
surface r eacüons as, e.g. the ox idaüon process can be
moni to red . A n example is given in figure 7 for a Varia-
t ion of the Ta4f peaks when  a thin Ta205 layer o n a 
polycrystalline t a n t a l u m surface is sput ter - removed un -
der b o m b a r d m e n t with Ar"^ ions of 2keV. D e p e n d i n g
on the energy resolut ion of the electron spec t rometer
even the individual b inding states of c a r b o n in different
hydrocarbons can be detected, e.g. [1].

T h e appl icat ion of P E S to nonconduc t ing samples
does in general no t cause serious problems when the
photoe lec t ron flux from the sample remains relatively
small. Even for a slight charging u p X P S spectra r ema in
evaluable, as the whole spectral s t ructure is ju s t shifted
uniformly a long the energy axis. In such cases, t he
chemical character izat ion of an insulat ing surface o r
coat ing can still be performed in a reliable m a n n e r w h e n
the energetic differences of the individual pho toe lec t ron
peaks are used for their Identification m a k i n g use of cor-
responding tables or h a n d b o o k s such as [18].

3.2 Auger electron spectroscopy

3.2.1 Instrumentation and experinnental
procedure
According to figure  4 three different a tomic energy levels
are involved in the format ion of an Auger electron.
Hence, A E S can identify elements with an a tomic n u m
ber Ζ > 3 (i.e. s tar t ing with l i thium). Recent A E S In
s t ruments are most ly based on a so-called Cyhndr ica l
Mir ro r Analyzer ( C M A ) (figure 8). Since  a C M Α ac-
cepts the ejected electrons in a 2π geomet ry
in  a cone man t l e with  a half-opening angle of 42 .3° , it
yields relatively high signal intensities. O t h e r types of
electrostatic analyzers are also employed, par t icular ly
when A E S is combined with in-situ PES. Re ta rd ing field 
analyzers can be employed as well, in order t o combine
chemical analysis wi th s t ructural surface in format ion
from Low Energy Electron Diffraction, L E E D , e.g. [3].

In C M A - b a s e d Inst ruments the p r imary electron g u n
is in general located inside the inner cylinder of the
analyzer, a n d the exciting electron b e a m is travelling
along the cylinder axis. Then , the sample can be readily
posi t ioned in such  a dis tance to the analyzer en t rance
for which o p t i m u m condi t ions for the electron trajecto-
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ries t h rough the analyzer are achieved. Auger signals are
recorded b o t h in a direct m o d e displaying the electron
energy dis t r ibut ions N(E) for the individual peaks, or
as differentiated spectra which increase in general the
detect ion sensitivity and enable  a simple Separation of
the backg round from the " t r u e " secondary electrons.
C M A Systems are most ly opera ted wi thou t any preretar-
da t ion system, i.e. wi th AE/E  const . Therefore, the
Auger intensities measured in the direct mode are pro-
por t iona l to Ε  N(E) (see also section 3.1). In contras t
to the " a n a l o g u e " version of an A E S Instrument as dis-
played in figure 8, direct da t a s torage a n d handling by a 
Computer system becomes increasingly employed in
recent A E S equipment .

3.2.2 Quantification of AES

T h e quantif icat ion of A E S follows the same routes as
for P E S (section 3.1.2). Qui te evidently, the formation
probabil i ty for an Auger electron has n o w to replace the
photo ion iza t ion cross-section in equa t ion (4). Also, the
deceleration of the p r imary electrons within the sample
dep th from which Auger electrons are escaping, and the
cont r ibu t ion of elastically backscat tered pr imary elec-
t rons cont r ibut ing to the format ion of Auger electrons
have to be considered.

As in the case of X-ray- induced photoelect ron spec-
t roscopy the individual electron peaks are identified by
a compar i son with tabulated values from Standard hand-
b o o k spectra, e.g. [19]. For the de terminat ion of the con-
centra t ion of an element  X from  a par t icular character-
istic Auger peak, equa t ion (6) can be applied again.
Mostly, the sensitivity factors Sj which refer now to a 
cer ta in Auger t ransi t ion are conveniently replaced by
relative sensitivity factors referring all  S values to that
for one reference Auger peak . Thus , the individual ex-
per imenta l Parameters or their Variation during the
analysis mus t no t be taken into account separately. As
for PES, the areas of the Auger electron peaks have to
be de termined when the Auger electron spectra are re-
corded in the direct mode . For the differentiated Auger
spectra the peak- to -peak (ptp) ampl i tudes can be taken
as the Auger intensities / χ enter ing equat ion (6), since
for  a Gauss ian or Loren tz ian shape of the Auger peak
the p t p ampl i tude is directly p ropor t iona l to the area of
the undifferentiated peak.

Besides the use of absolute or relative sensitivity fac-
tors as tabulated in h a n d b o o k s , their determinat ion from
Standards is somet imes  a be t ter Solution for an individ-
ual sample. In an elegant way the relevant sensitivity fac
tors can be de termined from so-called correlation plots
for  a sample of varying stoichiometry, i.e., when follow-
ing, for instance, the A E S intensities across an interface
dur ing sput ter profiling. W h e n the A E S signals for two
elements are p lo t ted against each other, the respective
S values are delivered by the intersection of a straight
correlat ion line wi th the signal axes. Α corresponding
example is shown in figure 9. The same method can be
employed for mult ie lement samples, too , when an appro-
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Iptp (Si [92 eV] LMM) in arbitrary units • 

Figure 9. Correlation plot between characteristic AES peaks for
Wolfram and silicon taken across an interface in a wolfram-Sili-
con multilayer during sputter removal. The relative detection
factor between wolfram and silicon for that sample is deter-
mined as given in the figure. (Measurement by J. Schottes,
IFOS.)

priate regression technique is applied [20]. Such  a direct
determinat ion of sensitivity factors is, of course, only
possible when chemical influences changing peak posi-
t ions and intensities can be disregarded.

3.2.3 AES analysis of dielectric samples
While charging effects have been ment ioned to be less
detr imental in X-ray-induced PES (section 3.1), they can
completely deteriorate the Auger spectra because of the
low energies of the signal-carrying electrons in this case.
A E S is, therefore, often considered to be no t applicable
to electrically nonconduct ing sample structures. Such
difficulties have been shown to be successfully sur-
m o u n t e d in the following way [21]:

Quite obviously, no net charging of a dielectric
sample occurs when the electron currents to and from
the surface compensate each other precisely. Hence, such
pr imary beam parameters have to be selected for which
the total secondary electron yield γ, which is known to
vary with the energy E^ and the incidence angle of the
pr imary electron beam, becomes unity. As a necessary
condit ion, firstly γ^^^ must be above 1. Secondly, to ar-
rive at stable condit ions, the pr imary beam parameters
have to be chosen such that the yield curve γ(Ερ) crosses
unity with  a negative slope, i.e. after having passed
through its m a x i m u m (figure 10). When E^ is chosen
slightly above the part icular value denoted by En in fig-
ure 10, the dielectric sample will charge u p negatively
and thus decelerate the pr imary electrons back to E^ 

 Ell in a self-stabilizing manner . When, on the other
hand , the pr imary electron energy E^ is slightly below
£"11, the positive charge developing at the surface will
retain slow secondary electrons and, hence, br ing the ef
fective secondary electron yield back to 1 again. It
should be noted that such stable condit ions will no t es
tablish at El where the secondary electron yield curve
crosses unity in its rising par t .
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Figure 10. Schematic plot of the Variation of the secondary elec-
t ron yield  y wi th the pr imary electron energy E^. 

U n d e r such condi t ions , Auger sput te r d e p t h profi l ing
of coat ings on highly insulat ing mater ia ls can be per-
formed in the same way as for conduc t ing samples . Th i s
is demons t r a t ed by figure 12 which shows  a concen-
t ra t ion d e p t h profile of a Cr203 layer on α - Α ΐ 2 θ 3 as de-
te rmined from A E S sput ter dep th profiling us ing the
same p r i m a r y b e a m pa rame te r s as for figure 11. A s an -
o ther example, the charge compensa t ion p rocedu re de-
scribed here has been applied to the Auger analysis of
glass samples (glass S K 16 from Schot t Glaswerke ,
M a i n z (Germany) ) [21]. Sample charging has t o be care -
fully avoided for such materials , as a f ield-induced drift
of highly mobi le ionic const i tuents like alkali ions causes
an immedia te de ter iora t ion of the surface compos i t i on .
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Figure 11. A E S survey of an α!-Αΐ2θ3 surface in the differen-
t iated mode . Excitat ion by a 3 keV pr imary e~-beam unde r 50°
against the n o r m a l to the sample surface. (Measuremen t by U.
Rothhaar , IFOS.)
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Figure 12. A E S concentration sputter depth profile through a 
Cr203 layer on α;-Αΐ2θ3. Analysis condidons as for figure 10.
(Measurement by U. Rothhaar, IFOS.)

Figure 11 displays the relevant section of an Auger
spec t rum obtained by this procedure from an a -a lumina
surface as an example for an almost perfect electrical insu-
lator. T h e peak posit ions and the complete appearance of
the spect rum are of the same quali ty as obta ined for elec-
trically conduct ing samples. In the present example, an
value of 3 keV and an electron incidence angle of 50°
against the surface normal h a d to be selected.

4. Mass spectrometric analysis of dielectric
surfaces and thin film structures
4.1 Secondary ion nnass spectrometry

T h e appl icat ion of Secondary Ion M a s s Spec t romet ry
S I M S to nonconduc t i ng samples becomes difficult for
twofold reasons : Firstly, extensive charge is t ransfer red
to the sample by the p r imary ion b e a m , a n d secondly,
the kinet ic energy of the analyzed posit ive o r negat ive
secondary ions is strongly influenced by any sample
charging. This may considerably affect the height of the
secondary ion signals, e.g. via energy-dependent effects
on the t ransmiss ion of the mass spectrometer . Recen t
S I M S Ins t ruments conta in , therefore, a n add i t iona l low-
energy electron gun, from which charge -compensa t ing
electrons are conduc ted to the analyzed surface a rea .
Thus , S I M S can be applied to nonconduc t i ng samples ,
too . Nevertheless, the wel l known prob lems wi th the
quant i f icat ion of secondary ion signals due to the ma t r i x
effect are left, which are k n o w n to be par t icular ly s t r in-
gent for Compound mater ia ls conta in ing oxidic cons t i tu -
ents of different k ind a n d of varying concen t ra t ion .

S IMS, therefore, delivers in general only  a quah ta t ive
informat ion ab o u t the surface compos i t ion . A n example
is shown in figures 13a a n d b which were ob t a ined wi th
a recent SIMS-Time-of-Fl ight M a s s Spec t romete r
( T R I F T by C. A. Evans Ass./Physical Electronics, E d e n
Prairie (USA)) . Α 20 keV G a + b e a m of  1 p m in d i ame te r
has been ras ter -scanned across  a bündle of glass fibers
which were expected to be coated by copper . Α c o m p a r i -
son of the secondary ion Images for Si"^ (figure a) a n d
C u ^ (figure b) displays significant differences which
demons t ra t e tha t  a n u m b e r of the fibers were n o t o r only
partially coated.

Wi th regard to its quantif icat ion p rob lems  a m o r e
detailed discussion of the S I M S technique is n o t in
cluded here. In the following the a u t h o r concent ra tes o n
mass spectrometr ic techniques for surface a n d thin film
analysis utilizing post ionized sput tered neutrals , i.e. o n
S N M S . Also, the recently m o r e closely addressed M C s ^
m e t h o d ( M Stands for an elemental cons t i tuent of the
sample) will be elucidated to some extent, t h o u g h util iz-
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ing a k ind of " secondary" ions which, however, have
been shown to form via a chemi- ionizat ion process being
dehberately ra ted as a pos t ioniza t ion process, too.

4.2 Surface analysis by MCs"^ ions

W h e n a Cs ^ ion b e a m is apphed to a surface to be ana-
lyzed, M C s ^ ions are detected in the particle flux from
the sample besides a tomic a n d o the r molecular ions.
Qui te recently, the format ion of MCs"^ ions has been
shown to be control led by a combina t i on process be
tween a backscat tered or re ejected Cs"^ ion and a simul-
taneously sput tered neut ra l a tom, M^, i.e. by

M O + Cs ^ ^ M C s ^ (7)

Evidence for this process results clearly from a strong
correla t ion between the M C s ^ intensities and the atomic
polarizabil i ty of for a large n u m b e r of elements [22].
T h e Cs"^ ion polar izes a s imul taneously ejected neutral
surface a tom, and the par t icu lar MCs"^ ion is formed by
an ion-dipole interact ion. T h e still very close surface
may act as a th i rd pa r tne r which accepts a par t of the
excess energy from the par t i cu la r combina t ion process.

Since the flux of sput tered neu t ra l surface a toms is
k n o w n to be insensitive to the mat r ix effects in second-
ary ion emission, the format ion mechan i sm described by
equa t ion (7) is expected to be less sensitive to the actual
chemical surface condi t ions . Hence, the M C s ^ signals
should provide a m u c h bet ter quantifiabili ty than ordi-
na ry S I M S Signals. Such a behavior has been confirmed
by a n u m b e r of recent appl icat ions of the M C s ^ me thod
also for the analysis of n o n c o n d u c t i n g samples, when
surface charging is compensa ted wi th an additionally ap
plied electron b e a m in the usual way. In compar ison with
S I M S , the respective sensitivity factors have been found
to depend only modera te ly on the na tu re of the sample.
Residual effects are essentially d u e to the influence of
the ac tual surface condi t ions o n t o the formation of the
Cs"^ ions Controlling the combina t ion process according
to equa t ion (7). Hence , quant i ta t ive surface analysis with
the MCs"^ m e t h o d becomes possible with a relatively
g o o d reliabihty.

A n example is presented in figures 14a and b. Quite
a n u m b e r of glass samples for which the individual com-
posi t ions h a d been specified by the manufacturer were
analyzed wi th regard to their con ten t of alkali metals
a n d of oxygen. T h e ratios of the respective MCs"^ signals
display a good l inear correla t ion wi th the concentrat ion
rat ios as received from the producer . Of course, the slope
of the straight lines in figures 14a and b supplies with
the respective relative detect ion factors, i.e. for sodium
a n d po tas s ium against oxygen in the present case, which,
however, are still found to depend on the nature of the
glass sample for reasons a l ready ment ioned above.
Nevertheless, analytical results as those depicted in fig-
ures 14a a n d b indicate tha t the M C s ^ method may de
velop to a useful technique for mass spectrometric sur
face analysis.

j b) Cu
25μΓΤΊ

Figures 13a and b. Secondary ion micrographs across a bündle
of part ial ly copper-coated glass fibers acquired with a time-of-
flight mass spectrometer, a) for Si ^ ions, b) for Cu ^ ions.
(Measu remen t by M . Wahl , IFOS.)
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Figures 14a a n d b. Intensi ty rat ios of M C s + signals from differ-
ent glass samples versus the respective concent ra t ion rat ios as
supplied by the manufacturer , a) results for two different series
of glass samples wi th sodium taken for M , b) results for differ-
ent samples of the same glass type with po ta s s ium taken for M .
(Measu remen t by M . Haag , IFOS.)

4.3 Secondary neutral mass spectrometry

It is well established that even for ionic targets like metal
oxides or glass surfaces, secondary ions contr ibute only
by a fraction u p to some 10"^ to the particle flux re
leased under ion bombardmen t . Hence, the vast ma
jor i ty of sputter-removed particles consists of neutral
a toms and molecules also in such cases. The flux of
sputter-ejected secondary neutrals, therefore, reflects the
true surface composi t ion, even when the secondary ion
Signals vary by Orders of magni tude with changing
chemical condi t ions at the sample surface. However, in
order to allow their mass spectrometric Identification,
the ejected neutrals must be post ionized in an appropr i -
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Figure 15. Schematic of an S N M S spectrometer ( I N A 3 from
Leybold/Specs, Leybold A G , H a n a u (Germany) ) .

ate way. While in S IMS particle ejection and ionization
occur in the same event, they are strictly separated in
S N M S as the essential difference to SIMS. This means
that the particle-specific post ionizat ion probabili ty in
S N M S becomes  a constant of the analytical appara tus
which makes  a quantification of the S N M S signals, i.e.
their correlation to the actual surface concentrat ions,
straightforward and simple.

The acronym S N M S was at first introduced to de-
note  a surface analytical technique in which post ioni-
zation of the sputter-removed neutral surface particles is
performed by electron impact ionization in a dense and
" h o t " electron gas [2, 5 and 14]. In the respective S N M S
Instruments such an electron gas with electron tempera-
tures  TQ corresponding to about 10 eV is provided by the
electron component of a low-pressure high-frequency
plasma mainta ined mainly in a rgon by a specific electro-
dynamic resonance effect. The post ionizat ion probabili ty
for  a neutral sputtered particle entering the postioni-
zation region with energies in the order of a few elec-
tronvolts is as high as several 10~^, i.e. by a few Orders
of magni tude above that with electron beam arrange-
ments used for the same purposes.

M o r e recently, when high-power lasers with suffi
ciently high pho ton energies became available, pho to ion-
ization based on resonant or nonresonan t mul t ipho ton
absorpt ion schemes is employed as another effective
postionizat ion technique. In respective Instruments the
postionizing laser pulse is simultaneously used as the
start ing signal for a bunch of post ionized particles en-
tering  a time-of-flight mass spectrometer. Because of the
"paral le l" particle detection which becomes thus pos
sible, the consumpt ion of sample material is largely re-
duced as one of the main advantages of "laser" S N M S
[23]. However, in view of the complexity of photo ioni -
zation processes, the quantif icat ion of pho to ion signals
is much less straightforward t h a n in the case of electron
impact ionization. Hence, photo ioniza t ion studies of
sputtered neutral a toms or molecules are still  a subject
of fundamental research, and laser S N M S is no t yet em
ployed as a routine technique in practical surface analy-
sis.

In cont ras t , S N M S spect rometers employing e lec t ron
gas pos t ion iza t ion  nowadays often deno ted as e-gas
S N M S are largely used for pract ica l analysis. T h e i r
appl ica t ion especially to n o n c o n d u c t i n g samples will be
emphas ized here.

4.3.1 Instrunnentation and experinnental
procedure of e-gas SNMS
T h e technical scheme of an S N M S Ins t rument b a s e d o n
electron gas pos t ioniza t ion is displayed in figure 15. T h e
mos t essential c o m p o n e n t is the S N M S p l a s m a wi th a n
electron density in the order of lO^^cm"^ at pressures
shghtly below or above 10 ^ m b a r when opera ted in ar
gon. T h e high electron density results from space cha rge
compensa t ion by the b a c k g r o u n d of the posit ive p l a s m a
ions (Ar ^), which o n the o ther h a n d provide a n ion res-
ervoir for the b o m b a r d m e n t of the sample surface, t oo .
In the direct b o m b a r d m e n t m o d e ( D B M ) , p l a s m a ions
are accelerated o n t o the sample surface by a s imple ion
optics m o u n t e d o n t o p of the sample holder . Sample
b o m b a r d m e n t becomes then possible wi th extremely
high lateral homogene i ty at ion energies d o w n to the
10^ eV regime at current densities in the order of 1 to
2 m A cm~^.

Alternatively to D B M the sample can be b o m b a r d e d
with  a separate ion gun by which  a modera te ly focused
ion b e a m is directed o n t o the sample surface t h r o u g h
the pos t ioniz ing p l a sma (separate b o m b a r d m e n t m o d e
(SBM) , see the ion gun in figure 15 [24]). This t echn ique
can be readily employed for the analysis of dielectric sur-
faces, since the ion charge t r anspo r t ed to the sample sur
face by the external ion b e a m is ins tan taneous ly c o m -
pensa ted by a cor responding local V A R I A T I O N of the elec-
t ron re ta rda t ion cur ren t which arrives at the sample sur-
face o u t from the S N M S p lasma. Special care, however,
has to be taken in order to avoid  a possible super-
pos i t ion of secondary ions to the S N M S signals in this
case.

In another ion gun-opera ted m o d e of e-gas S N M S ,
the sample is pos i t ioned outs ide the pos t ion iza t ion
Chamber a n d b o m b a r d e d wi th  a convent ional ion g u n
(External B o m b a r d m e n t M o d e ( E B M ) [5 a n d 24]).
Sputter-released neut ra l surface part icles enter the pos t -
ionizing Chamber t h rough an electrical d i a p h r a g m " ,
which can be opened for an electron flow o u t of the
S N M S p la sma for compensa t ing surface charg ing du r -
ing the analysis of an insulat ing sample. Bo th ion b e a m
techniques of S N M S suffer, however, from reduced sig
nal intensities in compar i son wi th D B M or the novel
O P E R A T I O N m o d e discussed in S E C T I O N 4.3.2.

4.3.2 Novel high-frequency mode of SNMS
In the pas t few years the so called high-frequency m o d e
( H F M ) of S N M S has been developed as a novel m e t h o d
for the analysis of dielectric samples [25]. Fo r this Oper-
at ion m o d e  a square-wave high-frequency vol tage is a p
plied t o the sample instead of a cons t an t d.c. vol tage as
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in D B M . Such a high-frequency vol tage can be basically
looked at as a d.c. voltage providing cons tan t ion optical
condi t ions for h o m o g e n e o u s ion b o m b a r d m e n t which is
switched off periodically to admi t shor t pulses of p lasma
electrons o n t o the insulat ing sample for compensat ing
the posi t ive charge from the preceding ion bombard -
m e n t interval . T h e frequency of the appl ied square-wave
high-frequency voltage a n d the t ime intervals for the ion
a n d the electron flux within each per iod have to be
chosen such tha t the Variation of the surface potent ial
due to charg ing u p dur ing the ion b o m b a r d m e n t interval
remains negligibly small. T h e b o m b a r d i n g ion energy is
then cont ro l led by the high-frequency ampl i tude and,
mos t impor tant ly , the same condi t ions for the analysis
of dielectric samples are achieved wi th H F M as for con-
duc t ing samples wi th convent ional D B M .

T h e appl icat ion of H F M is e lucidated by figures 16a
a n d b a n d 17. In figures 16a a n d b step profilometer
measu remen t s of the edge sections of bombard ing cra-
ters ob ta ined wi th D B M for a conduc t ing sample, and
with H F M for an electrically nonconduc t ing glass are
compared . F igure 17 displays the S N M S spectrum ob
ta ined wi th the H F M technique for a completely non-
conduc t ing ceramic (BaTi03) . Desp i te the periodically
in te r rup ted ion b o m b a r d m e n t wi th Ar ^ ions of only
800 eV the signal intensiües for the m a i n components of
tha t sample app roach 10^ cps.

A n example for the appl icat ion of the novel H F M
technique t o the analysis of a layer s t ructure is presented
in figure 18. D u r i n g the dep th profile analysis of a sil-
ver copper doub le layer on glass for heat protect ion no
electric cur ren t was t r anspor t ed t h rough the dielectric
Substrate. T h e example in figure 18 demonst ra tes that
sput ter d e p t h profiling wi th H F M becomes possible un
der condi t ions comparab le to those for conduct ing
sample structures, even when the dielectric properües of
the sample vary by Orders of magnitude as between the
meta l layers and the glass Substrate in the present case.
T h e H F M version of e-gas S N M S was also successfully
used for the dep th -dependen t analysis of oxide coatings
deposited wi th an alkoxide-gel dip t echnique on different
glass Substrates [26].

While the interface width in the example from figure 
18 is still in the order of 10 n m and , therefore, no t appro-
pr ia te to demons t r a t e the dep th resolut ion achieved with
H F M , a sophist icated example in tha t context is pres-
ented in figure 19. For the respective measurements a 
sput ter -depos i ted w o l f r a m - s i l i c o n mulülayer Stack with
a doub le layer thickness of only 3.6 n m on a flat silicon
wafer was m o u n t e d on an electrically insulating suppor t
a n d depth-prof i led with Ar+ ions of 420 eV. The individ
ual sublayers wi th a thickness of less t h a n 2 n m corre-
spond ing to 6 to 8 a tomic layers are a lmost ideally re
solved d o w n to the silicon Substrate. This demonstrates
tha t the same high dep th resolufion as achieved with
D B M accord ing to figure 2 becomes possible with H F M
for electrically insulat ing layer s t ructures as well.
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Figures 16a a n d b. Edge regions of craters p roduced in amor -
p h o u s Silicon by the convent ional D B M technique with 200 eV
Ar"^ ions (figure a) and in a nonconduc t ing Silicate glass by the
novel H F M m o d e of S N M S with 480 eV Ar+ ions (figure b) .
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Figure 17. S N M S spec t rum of a ceramic BaTiOs sample con-
ta ining a n u m b e r of m i n o r admixtures , acquired with the novel
H F M m o d e of S N M S (normal b o m b a r d m e n t with 800 eV Ar+
ions, Operation frequency 500 kHz , rat io of ion-to-electron flux
intervals 1:1). (Measuremen t by W. Bock, IFOS.)

4.3.3 Quantification of SNMS
The simple quantifiability of S N M S which is expected
from the Separation between particle ejection and ioni-
zation has been demonstra ted by many examples. The
basic relation for the S N M S signal / (X^) of a neutra l
species being sputter-removed is given by

/ ( χ θ )  / ρ Γ χ α ^ ; / χ ( 1 - α ί - α χ ) . (8)
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Figure 18. S N M S dep th profile analysis of a s i l v e r - c o p p e r
double layer on a dielectric glass Substrate with the novel high-
frequency m o d e H F M . N o m i n a l layer thicknesses: 200 n m for
silver and 100 n m for copper. (Analysis by M . Kopna r sk i ,
IFOS.)
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Figure 19. H F M dep th profile of a wo l f r am-s i l i con multi layer
with  a double layer thickness of 3.6 n m . T h e sample was
m o u n t e d on an electrically insulating ceramic suppor t t o which
a square-wave high-frequency voltage of 100 k H z wi th an am-
pli tude of 420 V was applied. (Measuremen t by W. Bock,
IFOS.)

/p Stands for the bombard ing ion current and ηχ for the
detection efficiency of a post ionized particle X. The im
por tan t quant i ty carrying the analytical information is
the part ial sputter ing yield Υχ which for atomic sput ter-
ing under steady State condi t ions can be expressed as

i x  Cx 7tc (9)

where Ftot is the total sputter ing yield under the respec-
tive bombard ing condit ions.

In equat ion (8) the S N M S signal / (X^) is corrected
with regard to those particles contr ibut ing to Υχ as posi-
tive or negative secondary ions. As ment ioned above, the
secondary ion fractions in the sputtered particle flux
and, hence, the respective ionization coefficients αχ'~
entering equat ion (8) are in the majori ty of all cases
much smaller t h a n unity. Hence, the t e rm in parentheses
in equation (8) can be neglected wi thout any appreciable
loss in accuracy.

W h e n combin ing the pos t ioniza t ion probabi l i ty
a n d ηχ for a specific sput tered species X to one a p p a -
ratus cons t an t Όχ which is the detect ion coefficient for
X in the par t icu lar S N M S system, equa t ion (8) can be
simplified t o

//(x«)  / p C x Z ) x r , o t . (10)

Ext rac t ing Cx from equa t ion (10) a n d t ak ing in to ac-
coun t tha t Σϋχ  1, the relat ion

irel/ ( X o ) / ^ g
(11)

is easily ob ta ined for the concent ra t ions of a n a tomic
cons t i tuent X in the sample.

T h e quant i t ies Dp^ are again relative de tec t ion fac
tors, which refer all individual Όχ values t o the D va lue
of one identical reference element .

As can be seen from figure 20 the S N M S signals a re
propor t iona l to the respective element concen t ra t ions
within an often satisfactory degree of accuracy, i.e. wi th-
ou t applying any quant i f icat ion p rocedure accord ing t o
equa t ion (11). T h e results in figure 20 demons t r a t e tha t
the relative S N M S sensitivity factors for a lmos t all ele-
men t s across the per iodic table agree within  a factor of
only 2. This can be u n d e r s t o o d from the integral cha rac -
ter of the pos t ioniza t ion coefficient αξ which is main ly
de te rmined by the overlap between the fixed electron en-
ergy dis t r ibut ion in the post ioniz ing S N M S p l a s m a a n d
the individual a tomic ionizat ion functions Q]^. Since the
shapes of Q]^ as a function of the energy of the ioniz ing
electrons d o no t change considerably from e lement to
element, ag varies only little, too .

4.3.4 Evaluation of nnolecule signals and
Standard free depth scaling with SNMS

Two o ther useful proper t ies of e-gas S N M S shou ld still
be men t ioned , too .

a) T h e basic equa t ion (8) is valid also for neu t ra l sput -
tered molecules. In this case, the influence of electron
impac t dissociat ion can be included in the respective de-
tect ion factors Dx for a molecula r species X . A s a n ex-
ample, d ia tomic oxide molecules are sput te r -genera ted
via the so called direct emission process d u r i n g the
analysis of oxidic Systems. F r o m the par t icu lar forma-
t ion m o d e l the surface oxygen concent ra t ion for a b ina ry
oxide is ob ta ined from the relat ion

c h  0.5 [ l ± i l -
/ ( M O « )

. (MO«)

1/2
(12)

where Μ refers to the oxide-forming meta l a t o m s [25].
Ληαχ(ΜΟ^) is the m a x i m u m S N M S signal for M O which
can be shown to refer to  CQ 0,5 from the direct emis-
sion mode l . Equa t ion (12) has , in part icular , been shown
to be valid for oxides wi th  a me ta l c o m p o n e n t of as h igh
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Figure 20. S N M S signals from different Standard samples ver
sus the specified concen t ra t ions . T h e results have been ob ta ined
wi th  a magne t i c sector Ins t rument for e-gas secondary neut ra l
m a s s spec t romet ry [28].

Ζ as N b 2 0 5 or T a 2 0 5 . For low concentra t ions of a reac-
tive species  R such as oxygen the direct emission model
predicts the surface concent ra t ion of R to be pro-
por t iona l to S N M S Signal rat io Ι(ΜΚ^)/Ι(Μ^
b) D e p t h profile analysis with S N M S also provides the
possibili ty of de te rmin ing the absolute dep th scale quan-
titatively from the Variation of the S N M S signals them-
selves [27]. T h e respective evaluat ion procedure is based
on the character is t ic p roper ty of S N M S that all sputter-
removed part icles are collected wi th individual but con-
s tant detect ion factors.

T h e t ime-dependent sput ter -eroded depth ζ is given
by

0  ^ HO (13)

where y'p is the b o m b a r d i n g ion cur ren t density and η is
the t ime (or dep th) -dependent to ta l particle density in
the sample. T h e t ime-dependent to ta l sputtering yield
Ytot can be readily de te rmined by add ing together all
part ia l sputtering yields of  X derived from the respective
S N M S Signals at a certain time. T h e t ime-dependent
sample densi ty can be approached by

n(t) = Σ cx(t) πχ ,
X

(14)

where Cx{t) is derived from the S N M S signals according
to equa t ion (11). For Πχ the respective bulk densities of
the e lemental mater ia ls are used as the only approxi-
ma t ion enter ing this d ep th cal ibrat ion procedure. By in-
serting YtotiO a n d n{t) in to equa t ion (13) the eroded
dep th for a cer ta in sput ter ing t ime  t is exclusively ob-
tained from the t ime-dependent S N M S signals. A n ex-
ample is given in figures 21a to c again for a tan ta -
lum—silicon mult i layer system. In tha t figure the course
of the p rocedure for the de te rmina t ion of the dep th scale
is e lucidated by the sequence of the different panels.

Intensity  time profile a)

Eroded depth in nm

Figures 21a to c. S N M S dep th profile of a sandwich-like t an ta -
l u m - s i l i c o n multi layer system with  a double layer thickness of
20 n m and a tota l film thickness of 200 nm. The sample was
b o m b a r d e d with normal ly incident Ar"^ ions of 250 eV and
1 mA/cm^, a) normal ized intensities as recorded versus sput ter
time, b) t ime-dependent to ta l sput ter yield, c) c o n c e n t r a t i o n -
dep th plot evaluated according to equa t ion (13). (Measurement
by A. Wucher, Univers i tä t Kaisers lautern. )

As  a fmal remark, a new type of e-gas S N M S Instru-
ment has to be ment ioned [28] which uses  a high-trans-
mission magnet ic sector spectrometer instead of a quad-
r u p l e mass spectrometer as shown in figure 15. With
this S N M S Instrument, which can be operated in a 
microprobe m o d e with  a liquid metal ion source as well,
S N M S Signals u p to 10^ cps are achieved at a back-
ground of only 5  10~^cps. Such numbers result in de
tection powers a round 1 ppb , i.e. only of 10^^ atoms/cm^
with the füll quantifiability of the S N M S technique.

5. List of Symbols

A, Β cons tan t s in equa t ion (1)
α monolayer thickness in n m (equat ion (1))
Cx (bulk) concen t ra t ion of species X 

surface concen t ra t ion of species X 
D detect ion factor in secondary neut ra l mass spec-

t romet ry
d doub le layer th ickness
i/b b e a m diameter (electrons or ions)
E, Ey,, Ep,  EQ kinetic energy of electrons or ions in eV
E^ electron b inding energy (related to Fermi level)
F geometry and efficiency factor
/ signal intensity
j p h o t o n , electron, ion flux or cur ren t density

 ­

-

· ­



N(E)

s
τ
t

α

y
öl
Δζ

hv

energy d i s t r ibudon
particle density of species X in a solid
electron impac t ionizat ion function of species X 
detection factor in electron spectroscopic
me thods
transmission of analyzer
sputter ing t ime
tota l and par t ia l sput ter ing yield
atomic number
dep th scale

bevelling angle in degree
secondary ion format ion probabi l i ty for species
X
post ionizat ion probabil i ty of species X 
tota l secondary electron yield
informat ion dep th of a surface analysis m e t h o d
absolute dep th reso ludon
detection efficiency of a post ionized par t icle X 
work function
inelastic m e a n free pa th in electron emission pro
cesses
p h o t o n energy
ionization cross-section for a t o m X 
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