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The Auger Electron Emission Process

Auger electron spectroscopy (AES) jis suitable for studying the composition
of solid and liquid surfaces. The seusitivity is about 1% of a monolayer (one
monolayer is about 1G'° atoms/cm®) znd
it may be used with relative ease us compared with several other techniques of
electron spectroscopy.1 At presaﬁt this is the most widespread technique for
studies of surface composition. The Auger electron emission occurs in the
following manner: when an energetic beam of electrons or X-rays (1000 to
5000 eV) strikes the atoms of a material, electrons, which have binding
energies less than the incident beam energy, may be ejected from the inner atomic
level. By this process a singly ionized, excited atom is created. The electron
vacancy thus formed is filled by de-excitation of electrons from other electron
energy states that fill 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 thap the energy transferred to it from the

de-ex:itation of the previous process that involves the £illing of the deep-

m

lying electrnn vacancy, it will then be ejected into vacuum, leaving behind
doubly ionized atom. The electron that is ejected as a result of the de-
excitation process is called an Auger electron, and its energy is primarily a
function of the energy level separations in the atom. These processes are
schematically displayed in Figure 1. The creation, detection, and interpre-
tation of this emission process 1s Auger electron spectroscopy.

A study of the distribution of emitted electrons, N{E) (Figure 2), can
yield great amounts of physical information about the type and quantity of
atcms present, the electronic structure of the solid, the processes of trans-

port, and relaxation of erergetic electrons in a solid, and many other




phenomena. In addition to the Auger electroms, however, a solid bombarded by
electron

an energetic primary beam will emit a broad background of electrons which

have energies ranging between almost zero and the primary energy. This broad

background consists of elastically and inelastically scatterad primary electrons,

Auger electrons, znd secondary electron emission%’sThe number of Auger electroms

which leave a solid without energy loss is very small compared to the immense

background. To enhance this signal the distribution of scattered electrons is

usually differentiated electronically.

AES is surface sensitive. Electrons of energies from 50-20004eV interact
strongly with solids. The inelastic mean free paths or escape lengths of low
energy electrons in various solids are shown in Figure 3. The values given in
the Figure are tabulated from muny experimental measurement;+and,'due to the
difficulty in measuring them, the values have fairly large uncertainties.
Neverthéless, when plotted on a log-log plot, the mean free paths in metals
seem to be nearly independent of the type of metal, and depend only upon the
energy. The low energy electrons around 350 eV have the minimum escape depth

of only about 4 &, while the escape depths increase gradually with energy above

50 eV to about 30 X for a 2000 eV electron.

The Auger Electron Spectrometer

Since AES is a surface technique, and since the surfaces of clean solids
are very reactive, it is necessary to perform the measurements in an ultrahigh
vacuum (UHV) system. There are essentially two types of experimental designs
for AES deferring in the detection system that is used. One is the retarding

grid Auge: analyzer which is of the high pass filter tvpe? It has a rather



low signal~to-noise ratio. The main advantage is that the electron optics

of a low energy electron diffraction system (LEED) can also be used for ob-
taining the Auger spectrum. Thas LEED and Auger measurements can be performed
using the same apparatus. The other popular design is called the cylindrical
mirror analyzer (CMA) which is of the window filter type that has a higher
signal-to-noise ratio.G’éne advantage of this type of detector is that it
allows one *o perform the Auger analysis in a short time (10-2 sec), compared
to the 1 minute or more required for the retarding grid amnalyzer. Both of
these detectors with Auger electron spectroscopy svstems are commercially
available.

A retarding field analyzer has fuur concentric hemispherical wire mesh
_grids and a hemispherical collector plate concentric with the grids. These
elements are biased as shown is Figure 4. The sample is positioned at the
center of the five l.emispheres. The electron beam is either directed through
a drift tube which extends through the grids and collector plate or is inci-
dent at a grazing angle from putside the analyzer. The single pass CMA consists
of two co-axial cylinders which are biased, as shown in Figure 4. The
electron beam 1s either directed along the axis of the cylinders or it may be
incident at a grazing angle.

The electron beam excites the sample and a spectrum of electrons, N(E), are
emitted. Auger measurements are made by placing a negative D.C. potential V
and a small A.C. modulation, ksin(wt), onto the secend and third grids of

the RFA or onto the outer cylinder (mirror) of the CMA.
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For the RFA only electrons with energy greater thaa V(+ k) will
pass through the grids and strike the collection plate. The analyzer
then acts as a high pass cutoff filter. The CMA on the other hand is
a differential detector. Of the electrons passing into the entrance
slit of the analyzer only those with a particular small energy range,
E+ AE, determined oy & and the characteristics of the analyzer will
pass through the exit slits. For the CMA, this relationship is approx-
imately E+ AE = 1.76e(V+k). This difference in the range of collected
energies leads to important differences between the two analyzers.

The purpose of the modulation is to obtain a derivactive of the
N(E) spectrum. Chang 2 has shown that the collected current, I, can

be written as follows:

" 3 [1] 2 [151] 4
1 T Io + [}'k + lg—k + ...]sin(wt) - [IZE + IZEE +..Jeos(2ue)+... (la)

”"n
7 cos(2wt) +... (1b)

~ I+ I'ksin(e) - Lk
Here the primes refer to differentiation with respect to the D.C.
potential V. The second equation approximates the first if the modulation
amplitude k is sufficiently small. The value of the frequency of w
to be used is largely unimportant. For the RFA a frequency of around
1000 Hz was used while for the single pass CMA w = 6000 Hz was chosen.
Since the CMA is a differential detector it is clear that the collected
current is proportional to N(E) so that I'= N'(E). With a lock-in

amplifier it is possible to phase semsitively detect the component, Al,

of the collected current which has frequency w. For a CMA it follows



from Eq. 1b that A1 = KI'~kN'(E) so it is seen that the derivative
of the elettron distribution curve can be obtained by detecting the
first harmonic of the collected current. Since the RFA is a cut off
filter, I' N(E; so it is necessary to detect the component AZ of
frequency 2w to obtain the N'(E) curve, since AZ = I“k2/4=N‘(E)k2/4.
This is the first difference between the two types of analyzers. Kote
that in both rases the signal depends upon the amplitudg of the modula~
tion voltage, k, but for the RFA the signal depends upon kz whnile for
the CMA the signal varies linearly with k. The signal can be increased
by increasing k, within the limit that k is small enough (cozpared to
the peak width) that higher order terms in Egq. la are negligtble.

A second and most important fifference between the analyzers is
that the CMA is mucK more sensitive than the £~a. This arises from
the fact that shot noise is the grearest contributor to the electronic
noise, and the shot noise current is proportional to the square root
of the collected current. In an RFA a greater current is collected
g0 more noise is obtained for the same amount of signal than for the
CMA. This results ir the CMA having a signal fo noise ratio which is
about 100 times larger than that of the RFA. This allows less in-
tense Auger peaks (such as the 2024 eV Au peak) to be more quantitativel:
studied. This also allows the use of higher scanning speeds and/or
lover electron beam currents, and the use of s-21ler modulation
amplitudes. The resolution of the analyzer can be no better than the
sodulation amplitude so resolution may be limited by the need to use
a higher modulation amplitude to sece a weak signal. For the RFA used

for example (_hown in Fig.3)
for the Au-Ag system/the sensitivity necded reguired the use of 10 V



p-p modulation, while the measurements made with the CMA were performed
with a modulation of 2 V p~p. There are many additional factors involved
in the resolution of the two types of analyzers which will not be dis-
cussed here.

Another important difference is the angle of collection. A CMA
collects a cone of electrons at an angle 90 = 42.3° + 6°, which depends upon
the geometry of the exit slits.7 The RFA collects all electrons between
the smallest angle which misses the drift tubte of the normal electron gun
and the outside edge of the analyzer (about 60° for the 4-grid RFA). If
there is anglular anisotropy in the Auger emission which varies with alloy
composition, crystallite orientation, roughness, heat treatment, the RFA
will be sensitive to the effect, but the CMA will be affected. This is a
disadvantage of the CMA for quantitative purposes.

The CMA is critically sensitive to the placement of the sample.

Small movement of the sample away from the focal point along the iine
defined by the axis of the analyzer results not only in a shift of the

peak position and in peak distortion, but also causes a decrease in the
signal intensity to an extent which depends upon the energy. The RFA is

not nearly as sensitive to this placement and the sample may be moved
several millimeters without noticeable effect. This is no real dis-
advantage of the CMA since it is possible to place the sample in the correct
analysis position by maximizing the measured intensity of the elastic peak
with respect to sample placement.

The shape of the Auger spectra obtained from a CMA and RFA are also
different. At low energies the RFA accurately shows the large background
due to secondary emission. Use of the peak-to-~peak height ir the deriva-
tive spectra as a measure of intensity at low energies is affected by the
sloping background. The CMA does not show this sloping background due
to the fact that it distorts the spectra at low energies. This distortion
is due to the energy-dependent transfer function of the analyzer and the
energy dependence of the electron miltiplier gain. This distortion is also
expected to affect the relation between peak-to-peak height and Auger in-
tensitr. The assumption will be made that the distortion is similar for all
alloys. Spectra recorded with a CMA and an RFA are given in Fig.5 for

comparison.
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Qualitative Chemical Analysis by AES

Auger electron spectroscopy finds applications mostly for the
qualitative and quantitative analyses of surface composition. A lesser, but
equally important, application is for the determination of the oxidation
states of surface atoms from changes of Auger peak shapes and from the shifts
of Auger emission energies from inner shell excitations.

With the exception of hydrogen and helium, all other elements
are detectable by AES. Using this technique, surface segregation of various
impurities has been found commonly on most surfaces, Carbon, sulfur, calcium,
and oxygen are the most common impurities that segrepate at the surface and
their removal is essential in many cases. Figure 6 shows the Auger spectra
of dirty and cleaned Au-Ag alloy surfaces.8 Chemical cleaning and ion bombard-
ment are used most frequently to remove tie unwanted impurities from the
surface. It should be remembered that the bulk of the specimen can be a
continuous supplier of impurities to the surface. Therefore, most cleaning
treatments only reduce the impurity concentration in the near surface region.
Heat treatment of the samples can replenish the surface impurities by diffusion
from the bulk. Conversely, heating can dissolve surface impurities in the
bulk on account of the increased sclubilities at higher temperatures. The
qualitative surface cgemical analysis by AES has opened up many fields of
surface science to definitive studies, including heterogeneous catalysis and
corrosion. At present almost every fundamental surface study includes Auger
or photoelectron spectroscopy analysis of the surface cernposition as an

integral part of the investigation.



Quantitative Chemical Analysis by AES

By suitable analysis of the experimenty] data, as well as by the
use of suitable reference surfaces, the Auger electron spectroscopy can
provide quantitative chemical analysis in addition to elemental composition
analysis of the surface. It is possible to separate the surface composition
from the composition of layers below the surface by appropriate analysis of
the Auger spectral intensities. In this way the surface composition as well
as the composition in the near surface region can be obtained.

The Auger peak intensity ratios can be calculated by properly
taking into account the attenuation of the emitted Auger electrons by the
atomic layers above. By comparing the calculated intensities with those ob-
tained by experimeuts, quantitative chemical analysis can be performed.
Since both the adsorbate and the substrate Auger peak intensities vary as
the surface coverage changes, there is enough experimental information in
most cases to detect when a monolayer coverage is reached and thus calibrate
the amount adsorbed.

A simple technique to utilize the Auger spectrum to determine

will also be
the coverages and growth mechanisms of deposits / described below. This
method consists of plotting the Auger peak-to-peak signal intensity from the
substrate against the similar signal from the adssrbate. This technique
enables one to study the growth of deposits of any adsorbate-substrate system.

We apply this method to the calibration of coverage of carbor .4 oxygen

deposited on platinum.
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Analysis of Auger Intensities

Auger has principally been used as a means of performing qualitative
analysis of surfaces, that is to identify or verify the presence of var-
ious atomir. species. For this purpose AES is certainly the best of all
available techniques. Also of interest is the use of AES as a means of
quantitatively analyzing a surface to determine how much of an impuritwy
or alloying component is present. This endeavor has occupied the time
and efforts of a growing number of workers in the last cight years a-d
it has been successful.

An understanding of quantitative AES begins with an expression de-
scribing the intensity of Auger emission.9 The current,IE, of Auger
electrons arising from & transition observed at energy E, may be phenom-
enologically divided up into intensicies from each atomic layer in the
solid. This description arises naturally from considering flat perfect
surfaces of infinite extent. This concept is not as well defined for
rough surfaces or small clusters, but in spite of this the rasults obtained
using the perfect surface models can be applied to rough polycrystalline
samples as well. The intensity from each layer may Be described by
dividing the Auger process iInto the following three steps, 1) excitation,

2) emission , and 3) collection. Exzch step will now be considered.
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The standard means of excitation is by bombardment with elec-rons
of energy Ep and crrrent lp. For nost Auger studies ED is
2 or 5 keV and Ip fs usually 15-50 pA spread over an area cf about
1 mmz. The number of atoms ionized in the 5tb layer near the surface

may be expected to be proportional to

ionization events A ngp(@p,ﬂp)picI(Ep)pi(E;)ri(E,Ep) (2)

dere Ry is the number of atoms per unit area in the ith layer and
the function gp(ep,ﬂp) takes the geometric and anisocropic factors in the
excitation into account and depends upon the anglss of incidence Ep and
Gp of the primary beam. cl is the cross section for jonization of an
atonm by electrons of energy Ep' p; is an energy Zependent factor which
accounts for the attenuation of the primary beam and’ri is a backscatter-
ing factor which takes into account that electreans which have bean
elastically and inelastically scattered may coantribute to the ionizationm.
The excited region of the solid is penetrated by a beam of electrons
incident at fixed angles Gp and Dp whose intensiry decreases with depth
due to inelastic and elastic scattering of the —~imary beams. This region
also contains a plasma of electrons of nearly continuous energies and
momentums. The terms GP(EP)pi(Ep) in Eq. 8.2 takes account of the
ionization by the colurm of primaries while the general term ri(E,Ep)
takes account of the excitation by the plasma. This backscattering term
is very complicated and contains the energy dependence of the ionizaticn
10,11

cross section of the solid and may be expected to vary with depth.

To use Eq. 2 approximations nmust be empl:ved. Typically it is
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assumed that there is no anisotropy in the excitation process. Because
of attenuation, the more prazing the incident angle EP the more energy
will be deposited in the surface region from which Auger electrons can be
collected. This suggests the form g(ep,ﬂp)W l/cosep.9 In fact experi-
ments have shown that this model is only partly correct.12 In most
experiments done the primary beam ig mnormal to the
sample (cosE)p = 1) so g(ep,ﬂp)can be taken as unity. Eq. ? may be
further simplified by assuming that the primery beam incensity or its
fonization capability is independent of depth within the regzion detected
by collecting the Auger electrons. The basis for this assumption it rhe
fact that the escape length of an electron with energy EP = 5 keV is
large and the average inelastic collision results in oaly a small energy

loss, leaving the primary electron still energetic enc:zh to efficiently

ionize. More importantly, this assumption has been experimentally
justified.l3 With these assumptions, Eq. 2 simplifies to the follow-
ing form:
: s A
ionization events IPOI(Ep)piri(E,EP) (3)

The emission process, the second step in this schene, is much
simpler, and is given in Eq. 4.
probability of emission PAqi(E,e) (4)

The probébility of emission is the product of the probability, that

PA'
an ionized atom undergoes an Auger process and emits #n electron, and
the likelihood qi(E,B) that the Auger electron ewitted at an angle 9§

from layer 1 will escape the surface without an imelastic collision.

PA 15 characteristic of the type of atom involved and the energy E of the
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Auger transition14 and 1s assumed to be independent of angle. The
attenuation of the electron is usually assuvmed to be exponential with
a characteristic attenuation depth AE which depends upon the energy,
so Eq. 4 becomes |

probability of emission ~ P exp(—(i—l)d/AEcosﬁ) (5)

Here d is the interlayer spacing of the solid, so an atom in the ith

A

layer is at a depth of (i-1)d. If the Auger electron is emitted at an
angle 6 measured from the surface normal, it must travel through the
solid a distance (i-1)d/cos9 to escape from the solid.

It is important to note that this form holds only if each layer
fully covers the layer below it. This is true in a close packed plane
such as in the (111) face of an fcc solid. For the (110) face, the
surface consists of ridges and troughse so that the atoms at the botton
of the troughs in the second layer are not attenuated fully by
thé first layer. This leads to the nzcessity of applying this
model only to close packed planes.

It is also important to
note that the model assumes that the surface is atomically flat and
smooth. If there is roughness, the emission will be affected.
Holloway15 has studied the effects of ro.ghness on Auger emission and
has found that ~ven very slight roughness (root mean squarr displacem=nt
of .28um) cculd reduce the Auger intensity by up to 40% depending upon
the angle of incidence of the primary beam and the collection angle. He
found that the effects of riughness were least when a normally incid:zat

primary beam was used.
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To obtain the total emission Lq. .5 should be integrated over all
angles collected. Eq. .4 assumes that the emission is isotropic and
that the emitted electrons are not diffracted or otherwise attenuated
anisotropically. Experiments show that this may not be true for
single crystals.lz’l6 For polycrystalline samples,

the prasence of crystals of many orientations should eliminate
anisotropies.

Finally the collection process, whi h is the third step of the
emission process adds terms which take into account that the detector
intercepts a solid angle { and so only collects /47 of the emitted
Auger elcctrons. This fraction is further attenuated by the trans-
mission, T, of the detector. For a CMA
only electrons emitted at an angle near 60 = 42.3° are collected where
90 is measured from the axis of the analyzer. If the sample is mounted
so that the sample surface is perpendicular to the axis of the analyzer,
then 8 in Eq. 3.5 becomes 80. For the calculations below, an average
value of 60 = 42.3 is assumed. For this narrow angle detector the
factor Q/4vw derives from integrating Eq. 5 over the
angle 8.

Combining the number of ionization events times the probability
of emission and collection and summing over all the lawers of the pure

solid gives Eq. 6 for the intensity Ig of an Auger peak at energy E.
layers

I = 1.8,(5,,0 30507 (E )p] (E)r3(E,E )PRql(E,9) @/4m)T (6
i=1
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Here the superscrip: "o denotes values characteristic of a pure solid.
Making the assumptions suggested ‘above the expression simplifies to the
folloving expression for the absolute Auger intensity from the pure solids.

1
I - Ipo‘;(Ep)P:(Q/An)I

S

0 0, (1-1)d°
oiri(M,Ep)exp (} lEcoseo) (7a)
o o

= ko(E,...)(ai+a2+a3+ ) ()

where, for convenience, I o;(E )P:(Q/Aﬁ) is wrirten as k°(E,...) and

o o (i-1)4a° o
piri(E.Ep)exp - ———F— ] is written as a;. This formula can be apniied

AEcoseo

to alloys if pz is replaced by Dixi where x5 is the atom fraction of
the emitting spe~ies in the ith layer and Di is pow the total number
of both types of atoms per unit area. This yields for an alloy the

following:

lavers
- E : _ {1-14d ‘
IE IPGI(EP) PA(Q/AT.)T oiri(E,Ep)eXP ( X_cost ) x, {Ba)
e E o
= k(F,...X a;%, + a,x, + ajx, + ...) (8b)

In this equation Di and d may be expected to vary with composition of the

alloy. Difficulties arise because GI(EP), PA’ ri(E,Ep) and

AE might also depend upon alloy composition. The dependences of these

four quantities upon composition will be referred to as matrix effects.

Progress has been made in calculating or measuring ionization

10,1t

R 17 .
cross sections, backscattering factors, Auger transition

14 18
probabilities, and attenuvation lengths in pure solids, but in
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general it is difficult to calculate the absolute Auger
current. In fact it is not even easy to measure the Auger current
since it is superimposed upon a much larger
background so that modulation techniques and a rather sophisticated
analyzer must be used. Typically the peak to peak height in the deriv-
ative spectra or some appropriately integrated Auger feature is used as
a measure which is taken t» be proportional to tha Auger intensity.
Theoretical work has shown
under what conditions the proportionality holds for both CMA and RFA
types of Auger analyzers.z’5 In fact, if the Auger peak shape
changes (as it might with alloying or change in oxidation state) or if

too large a modulation voltage is used the proportionality may break

down.

‘To avoid many of the problems of absolute intensity measurement,

it is common to use standarde w referince iatensities for

calibration.
the intensities, Ig, from samples of the pure compouemt:s prepared in
The drawback of this method is that it

requires that there be no matrix effects. ihe factors UI(EP) and PA
wight be expected to be independent of matrix

The escape depth AE is taken as indepenrdient of composition,
an approximation which is suggested by the "universal™ nature of the
curve shown in Fig. 3.

Other workers have attempted to use other means eI calibration}
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Typical methods include sputtering, scribing, or cleaving of alloys in
an attempt to obtain a surface which has the same composition as the

bulk.

Other techniques involv: depositing some
species onto a substrate and comparing the Auger intensity with the
amount deposited as measured by some other meams such as with a quarg

3 20 R 9
crystal oscillator ot by ellipsometry, or by radio-isotope
counting techniques.
The necessary information that must be available from the experiments
for quantitative analysis of the surface composition are the

intensitites of each of the Auger peaks in the snectrum

and the corresponding intensities in the reference samples. To cancel
the effects of instrumental drift and for purposes of normalization,
these are always measured as ratios.

Two types of ratios are of use. The ratia of the intensity of a
peak at an energy E divided by the intensity of the same
peak in the pure reference will be denoted as EE. The ratio of the
intensity of a peak at an energy E to another peak at energy E' will
be refered to as RE/E" This ratio may be meazsured from one
sample or fror one or both pure references in which case the super-
script ° in R;,E, will denote that the ratio is for the pure reference.

Summarizing, the followving definitions are givem:
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RE/E' = IE/IE' (9a)

o _ o o] \

Rese ~ Te/Te (ot
[»]

;E = IE/IE (9¢)

These ratios are all measured experimentally. The RE/E' types of
ratios are the easiest to measure since only one sample is involved.
If E and E’ refer to Auger transitions from the same compenent, then
o o

i o ea o asure. The ratios and wh E a
RE/E' s also easy to measure i EE RE/E' (when né
E’ derive from different components) are harder to measure since

at least two samples Tust be pre-
pared and positioped in turn in front of the analyzer.
It is possible to calculate gE. Using Eqs. 7, 8 and 9

it follows that:

k(E,...)(alxl + a,x, + ...)

EE = 10
o o o )
e + + + ...
k (E, X ay ta, +a, )
To calculate £ we substitute the proper values

E,

o [ . . . - .
for k, k, a a; and the depth distribution, i.e. the compositions in

i’
each layer, X, The depth distribution of compositicn can be

. o
extracted from the experimental values of RE/E" RE/E" and &E.

The composition layer by layer can be obtained from this data in

two ways. One may suggest hypothetical dapth

distributions which are then used to calculate the intensity ratios.
These ratios are then compared with the experimental results and the
depth distribution varied to give the best fit. An alternate methad is

to use the expcrimental data to directly calculate thc depth distriburion.
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To use Eq. 10 several assumptions are made. The first assump-
tion is that ionization cross sections, Auger transition probabilities
and the instrumental factors remain constant and are independent of

- composition. This assumption implies that:

o o -
I o(EDPR/4mT= kO(E,...) = K(E,...) = T 0/ (E)IP,(@/4DT A

The second assumption is that below some depth the composition of each
layer becones equal to the bulk cowmposition X The Auger
intensity obtained from below that depth can be summed to give an ex-
pression of the following form:

(ayx) + a,x) + ...+ 2 1x ;5 + ax) .
€ = (12

(ai + ag + ag + ...)

From Eq. 8 and usir; the properties of a geometric series it can

be seen that:

.  (i-1)d A .
a; piriexp( AEcos ) (for i < k) ( 13a)
o
. vers - - [4
% = By E “’( (H)d) o gy g
b b A.cosS b'b (137
E - - ) \ -
= o 1 - exp( d/AEcos,o)
From Eq. 7 it is seen that if the pure solid has the same value

of po, r° and d® in each layer thken

'=ts
5 i E ( i-1)4d o o d° .
D r e)\p 3 "Oqao ): /(1 - exp(- )‘—E—Lzﬁ) (143

i=1
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It is now possible to write cut an expression for the Auger
intensity ratio EE' in terms of contributions from each layer. This is per-
formed by substituting Egs. 14 and 13 into 12. For example,
Au, Ag and Au-Ag alloys have nearly identical lattice parameters

(within .25%) and have the same crystal structures. Therefore,

o o _ .
pi pAu DAg palloy For the (111) crystal face, each plane is

separated by 2.35 A, and the values of the escape depths AE for various
energies can be obtained from Pig. 3. The intensity values EE for

a hypothetical corposition profile can be obtained from the equations
shown in Table 1. It is assumed arbitrarily that the fourth ard all
deeper layers have the bulk composition. The energies E = 71, 241, 2024

and 35% eV correspond to transitions in the Auger spectrum of Au-Ag alloys

It is sven from Table 1 that for a low energy Auger transition at
71 eV, about S5% of the signal comes from the top momolayer, while for
a higher energy Auger peak a*+ 2024 eV only about 10Z of the signal comes
from the top layer. For this high energy transition, as much as 737 of
the signal comes from deeper than the third leayer. The principle un-
certainty in these equations, within the framework -~f the model, are
the values for the escape lengths XE, and a lack of knowledge of the
form or magnitude of r and .

Now that the values of EE can be calculated, it iIs easy to calculate
values for the normalized intensity rations RE/E’ / R;/E' by using

Eq. 15 given below.



Table 1. Auger intensities for Au-Ag alloys.

2
=, 3 A - A
pi 139 atoms/ 171 4
= . A =
d 2.35 Ayp = 6 A
coseo = ,740 1356 =§ A
Ajozs = 30 A
0
= : , ; 1
571 [.548 Xl + .248 Xz + .112 k3 + .092 Xb][r(7le\,Ep)/r (7leV,E?),
= < 'Y 0 4 A
E241 [.471 Xl + .249 X2 +.132 X3 + .148 kb][r(ZéleV,Ep)/r (2~le\,£?)]
= ; C 4 - H Y v
5356 [.328 kl + .220 kz + ,148 X3 + .304 Xb][‘(356e\,EP)/r (356&\,EP)]

[.101 X, + .090 X_ + .081 ¥, + .728 Xb][r(ZOZLeV,Ep)/rO(ZOZQeT,Ep)]
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° = ° = 1
FE/E' / RE/E' = R/RE/E' CE/EE. (15)

. . . - <] :
wnich follows directly from Eq. 9. The ratios RE/E' and PE/E’ (like
the values IE'énd Ig) can not be calculated without knowledge of all
the faccors in Eq. 7 and 8.

It should be noted that in Egq. 12 if X = xy = Xy =e..= X and
o . o . .
if a; = 2, then CE =% and similarly R/RE/E’ is equal to the ratio of

the bulk atom fractions of the components associated with the Auger

peaks at E and E'.

The model previded above takes into full account aztenuation of
Auger electrons and it has capability of including bac'xscattering effects

as well.
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Calibration of Monolayer Coverage by AES

*pplication to Carbon on Platinum.

A simple technique to natilize the Auger spec*rum to determine the coverages
and growth mechanisms of deposits is described below. This method consists of
plotting the Auger peak-to-peazk signal intensity from the substrate against the
similar signal from the adsorbate. This technique enables one vo study the growth
of deposits of any adsorbate-substrate system. We apply this method to the cali-
bration of coverage of carbon deposifts on platinum.

It has been shown by various investigatorsZI_Z& that plotting the AES
peak heights of the substrate and of the adsorbate as a function of time of deposi-
tion permits the determination of the formation of a monolayer. as well as the
growth mechanism. On Fig.7 we have plotted such curves for a layer-by-layer growth
mech::mism.Z]'“23 In the figure, Ig 1is the peak-to-peak intensity of the Auger
signal due to the substrate coveced with n layers of adsorbate )Is iz the Auger
signal intensity due to n layers ouf adsorbate. e

This model has been treatel extensively by various authors. Let us
defire aés = E§i_ as the coefficlent of attenuation of the substrate Aujer peak

ISo
due to the presence of a monolayer of adsorbate.

Then we have the equations,
(16)

A A
and IAn = IAl(l—(uA)n)/(l-aA) (17)

vhere 02 is the coefficient of attenuation of the adsorbate Auger peak through
a monolayer of adsorbate.

Therefore, in the case of a layer-by-layer growth mechanism, the
plot of the Auger peak intensity versus coverage (or time of deposition if the
sticking coefficient is comnstant) yields straight lines with changeing slopes
{on account of the changing n value). If the sticking coefficient is constant
from layer to layer, in themodel described above, the x axis of figure 6 can
be either the time of deporition or ocverage. Beiween the breaks on the plot we
have straight lines (see Figure 7) thus, the coverage is proportional to the

incréase of the adsorbate Auger signal and to the decrease of the substrate duger
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signal with a cnefficient of propr-tionality changing from layer to
layer. During the formation of the first layer :
\ .
90 = IA /IA| = (Is - Iso\l/' (IS|- IS,) (188.)
1
where 0, is the coverage in the first layer , and IA and Is are the

Auger peak intensities corresponding to this ccverage.

Simﬂar'ly 6.2:‘. I+ IA‘I;;' - ‘+ -. - IS| (18b)
ﬂ& I,')I ISL"' IS.

where e, is the coverage in the second layer,
We can generalize these formulae (18a,18> ) for thie formation

of the nth layers,

" I,-T
en-. = n-1+ 2B oy —“_is“ i (130)
Ap = I%-. 5 - I

where O 15 the roverage in the nth layer. not ’

If we write IA = IAn-] AIA,,where AIA is the increase of the

Auger peak intensity due to the adsorbate during the formati.n of the

nth layer, and use relations (17, to calculate IA - Iq » equation

" n “n-1

mes: 19)

3¢ becomes 9"_‘ - el i f f, (
(qﬁ) 191

The breaks that are seen in Figure 7 are only disﬁernib]e if
the sticking coaefficient is constant. For changing values of the
sticking coefficient with coverage the curves would be smooth and would
not display the breaks when a monalayer is completed.

Changes in the Auger sic 11 intensities upon the corpletion of

2 monolayer can be seen more dramatically if we plct the substrate

Auger peak intensity, anainst the adsorhate Auzer c2ak intensity.

The information displayed in Figure - is replotted in this new form
{n Figure 3.
The general shape of the curve, the pasition, and the nusber of

breaks give us the following {nformation:
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1- The general shape yields the growth mechanism. In figure ,

e haVe'shawn three cases. One .curve is obtained for a layer-by-
layer growth mechanism (or Franck-Van der Verwe mechanism). The
second curve is cbtained for the growth of crystallites on top of

a monolayer (or Stranski-Krastanov mechanism). The last curve is
obtained Zor the growth of crystallites directly on the substrate
{or Yolmer-Heter mechanism). The number-of breaks determines the
nature of the growth mechanism., If there is no break in the curve,
the groath is the Volmer-Weher type. If there is one break it is

a Stranski—Krastanov type, and iT there are several breaks it is

a Franck-Va; der Merwe type.

2- The first break indicates the formation of the first monolayer.

The ratio IA /IS of the Auger peak intensities of the adsorbate an
1 1

of the substrate is characteristic of the completian of the first mono-

layer.,

3- From equation 16 , one can calculate the attenuation factor aé =

for the Auger transitions that are utilized in this study. Similarly
from equation 17 , with n=2, we deduce: 0(2 = }-j_"*_?-._ P,

Knowing the attenuation factors we can deduce Ehe inelastic maan
free path (imfp) of the electrons through layers of adsorbate. This
relation is deduced from reference2s:

a = exp (-1/0.747) (20)

where A is the inelastic mean free path.
and ué, we can deduce using

1
equation- 18a a relation giving 9, the coverage in the first layer

4- Knowing the parameters I, /I
A] lS

as a function of these parameters and-of the Auger peak intensities

of the adsorbate and substrate at this coverage.

Ta I avy! 2
o= (1e 3 Ty o
e ( Ia IS. s S)

IS.

—

So

o—a
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Application to tha Adsorstion of Carbon on tn= Stepsed Platinum

[6{111)x(100)] Crystal Face,

We have used this technique to calibrate the carbon coverage
on a stepped. platinum surface Pt(s)-[ﬁ(]'ﬂ)x(]OO)].ZSThese experirents
have been carried out in a LEED-Auger system with a retarding grid
'ana1yzer.25After cleaning the crystal by argen sputtering, heating
in low pressure of oxygen and flashing, we have monitored the carbon
peék at 272eV¥and two of the platinum peaks at 64ev and 237¢Y. For
the sake of simplicity we have plotted the Auger peak to peak signal
intensity from the second derivative spectrum, The change in the
peak shape might be taken into consideration in order to have an
accurate calibration; our results show that, at least at our precision
of measurement assuming that the peak shape does not change with
coverage, ' is a good enough approximation.

The carbon was deposited by decomposing CO by <%h=2 Auger primary
electron beam ., HNo oxygen adsorption has been noticed during these
experiments. We have made runs at 309°C and at 203°C and the results
are shown in figure g.

The curve cbtained at low temperature exhibits a sharp break,
while the curve obtained at the higher temp.-ature shows a much less
pronounced break,

Using the model described in the previous section, we can deduce
the following informations:

1- He have two different growth mechanisms; at lcw temperature it
is a Stranski-Krastanovy type, and at high temperature the Franck-Van
der Merwe mechanisn. .

2- Me can calculate the ratio I,./ls corresponding to the ronolayer
17
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for bath experirents and at two energies af the Auger peak of platinum
{see table 2).
3- HWe can calculate the attenuation factors, and the inelastic mean
free path of the electrons corresponding to the Auger transitions of the
platinum and of the carbon through the graphite layar {see table 2).
4~ We deduce the equation yielding the coverage in the first mono-

'1ayer for the platinum 237¢¥and the carbon 272:¥Auger transitions,

h ~1
8= (o.4+\.39,1£=_w )
Crz2
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Determination of Oxygen Coverages

We have applied this method to the calibration of oxygen on a
Pt(S)-[6(111)%(100)] surface. The 64 eV and 237 eV Auger peak-to-peak signal
intensities of platinum were monitored as a function of the 510 eV Auger peak-
to-peak signal intensity from the oxygen while heating the crystal at 800°C
in 5)(10-7 Torr of oxygen. The position of the break indicates that the
formation of a minolayer of oxygen cccurs at Os.o/Ptg. = 0.11 and 0s,0/Pt,3,=0.5.

The LEED structure observed at the formation of an oxygen monolayer
was (3-1/2 x 3-1/2)-R30°. A simple model giving rise to this structure will
place one adsorbed oxygen atom on the surface for every three platinum
surface atoms. Based on this model the ratio Os,c/Pt.s; = 0.5 corresponds to
about 5x10'“ atoms of oxygen/cm®.

The Auger peak-to-peak signal intensity from the oxygen is proporational
to the amount of adsorbed oxygen during the formation of the first monolayer.
However, the ratio Os.o0/Ptz3; is not proportional to the coverage because of
the attenuation of the platinum Auger peak-to-peak signal intensity by the ad-
sorbed oxygen. The 237 eV platinum Auger transition is attenuated by 267%
during the formation of a monolayer of oxygen. Taking this factor into con-

sideration we obtain the following relation,
8 = [0.26 +0.37 Ptasr/Os10] ©

where 8 = 1 corresponds to one oxygen atom for every three platinum surface
atoms or 5 x 10'“ oxygen atoms/cm®.

Qur calibration is in fairly good agreement with others 27 considering
that the orientation of the surfaces, the temperature of adsorption, and the

type of AES analyzer used were different.
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Detection of the Oxidation State of Surface Atoms by AES

One of the most promising applications of Auger spectroscopy is in
the detection of the oxidation state of surface atoms using the themical
shift of the Auger ‘electron binding energies from emissions that involve
only core levels.28 These atomic states have narrow energy distributions.
Therefore, Auger transitions that are between these inner shell states
are well characterized in energy. Changes in electron binding emergies
that are the result of changing oxidation states of surface atoms may cause
2-10 eV shifts in these Auger electron emissions that can be correlated
with formal oxidation states of atoms at the surface. This type of analysis
has been used to characterize a -ariety of metal oxides to study the oxi-
dation of metals.

Auger electron emissions that involve electrons from the valence band
can also be used to study changes of oxidation states of surface atoms.29
In this circumstance the shape of the Auger emission can fingerprint
changes in bonding. For example, the Auger peaks from carbon deposited
on the surface has a very different shape than the Auger peak from carbides.
This latter peak is also referred to as carbidic carbon. There are many
instances indeed when the peak shape can be used to identify certain

adsorbate bonding types.
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Depth Concentration Profile Analysis

When chemical analysis is desired in the near surface region, AES may be
combined with ion sputtering to obtain a depth profile analysis of the composi-
tion. Using high energy ions, the surface is sputtered away layer by layer
while, simultaneously, AES analysis detects the composition in depth. Sputtering
rates of 190 A/min are usually possible and the depth resolution of the compo-
sition is about 10 A, which is mainly determined by the statistical nature of
the sputtering process. In our example we show the Auger depth profile of Si
thin films (V200 &) deposited in vacuum nnto a graphite substrate%o As is
apparent from Figure 10, carbon diffused deeply into the silicon film, and

also silicon diffused into the carbon substrate during thea depositionm.

The Possibilitv of Electron Beam Induced Chemical Changes

An important concern in the application of electron scattering to probe
the structure, composition, and oxidation states of surface atoms is the
possibility of damage or chemical changes introduced by the incident electrons
or photons. It appears that the energy density (energy/cz’) that is deposited
per unit time determines, to a large extent, the probabilirwv of " radiation
damage." Incident photons appear to be less damaging tham incident electrons
of the same flux and energy on account of their much lower scattering cross
sections and, therefore, greater depth penetration. The radiation damage
probability also depends on the ability of the excited swurface atom or ion to
transfer its excess energy to neighbor atoms rapidly befizre desorption or
other chemical bond-breaking processes are to occur. In Zact, electron-

stimulated desorption of adsorbed atoms and molecules is «>mmonly observed and
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studied. Adsorbed monolayers on metal surfsces seem to undergo rapid de-
excitation via the substrate and are less susceptible to radiation damage
than monolayers on insulator surfaces. The surfaces of ionic crystals are

sensitive to electron beam-induced decomposition. Organic adsorbates are

resistant to electron bombardmen: if they possess conjugated Il electron
systems (aromatic molecules, phthalocyanines), which apparently aids their de-
excitation. Saturated organic adsorbates, the paraffins, for example, are
readily desorbed by the incident electron beams.

It is necessary to carry out electron scattering experiments using as
low intensity beams as possible in order to minimize the possibility of

radiation damage.
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Figure Captions

Fig.1
Fig.2

Fig.3

Fig.4

Fig.5

Fig.6

Fig.7

Fig.8

Fig.9

Fig.10

Scheme of the Auger electron excitation and emission processes.
An experimental number of scattered electrons of energy N(N/E)
versus electron energy E curve.

The universal curve for the electron man free path as a function
of electron kinetic energy. Dots indicate individual measurements.
Comparison of the retarding field and the cylindrical mirror
types of Auger analyzers.

Comparison of Auger spectra of an Au-Ag alloy obtained with
retarding field and cyclindrical mirror types of Auger analyzers.
Typican Auger spectra from pure gold to alloys and pure silver.
Schematic presentation of the Auger peak intensitites of the
substrate and of the adsorbate as a function of coverage (or
time of deposition) in a layer-by-layer growth mechanism.

Plot of the substrate Auger peak intensity as a function of the
adsorbate Auger peak intensity.

Plot of the platinum 64 eV Auger peak intensity (upper curves)
and of the platinum 237 eV Auger peak intensity (lower curves)

as a function of the carbon 272 eV Auger peak intensity at two
different temperatures.

Auger depth profile for silicon films deposi m pyrolytic

graphite.
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Auger Peak Intensity (arbitrary units)
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