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The attenuation length for electrons in Al,0, has been determined to vary from 6.7 A at 157 eV to
16.7 A at 1404 eV by means of an x-ray-photoelectron spectroscopic technique. The attenuation of
photoelectron and Auger-electron lines from a substrate was monitored as the thickness of an overlayer
of Al,O; was increased, the results being corrected for the asymmetry of photoelectron angular
distributions from various .subshells and for effects due to the geometry of the spectrometer. The results
have been compared with a number of theoretical models of electron scattering. The major energy-loss
process has been demonstrated to be due to inelastic scattering involving valence-band electrons.

I. INTRODUCTION

An accurate knowledge of the attenuation length
for electrons in solids with energies in the range
0.15-1.5 keV is of the utmost importance in the
quantitative interpretation of a wide range of elec-
tron spectroscopic measurements. This is the
energy range of interest in x-ray-photoelectron
spectroscopy, for example, and many Auger tran-
sitions also result in the emission of electrons
with kinetic energies of this order. The scarcity
of reliable measurements of attenuation lengths for
such low-energy electrons is directly attributable
to the shortness of the attenuation length, which is
typically 15 A or less in this energy region, !

We report here, by means of a technique which
directly monitors the attenuation of photoelectrons,
the determination of the energy dependence of the
attenuation length of electrons in Al,0O; covering
the energy range 150-1400 eV. The results so ob-
tained are compared with the predictions of two
theoretical models: one in which all energy states
in Al,Q, (including the valence band) are considered
to be tightly bound, and the other extreme situation
in which the valence-band electrons are considered
to be free.

II. EXPERIMENTAL METHOD
A. General

Some measurements of attenuation lengths in
solids have recently been made by an Auger-elec-
tron spectroscopic techniquez‘5 which monitors the
attenuation of substrate Auger signals as the thick-
ness of a thin covering film of some dissimilar
material is increased (or, alternatively, the in-
crease in an Auger signal characteristic of the thin
film is monitored). Such measurements suffer
from the serious disadvantage that the primary
electron beam which is used to cause inner-shell
ionization, which then leads to Auger recombina-
tion, must itself be scattered and attenuated by the
presence of the thin film. This effect can clearly
not be eradicated without prior knowledge of the
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attenuation length for electrons of energy equal to
that of the primary beam.

The use of an x-ray-photon beam as the primary
probe obviates this difficulty because of the very
much larger attenuation length for x-ray photons
than for electrons of similar energies, ® and be-
cause the mass-absorption coefficients for soft-x-
ray photons are generally well known. By suitable
choice of photon energy and substrate material,
photoelectrons and photo-Auger electrons of well-
defined energies may be generated over a wide en-
ergy range; and by monitoring the attenuation of
such electrons in their passage through a thin
film of some dissimilar material which is essen-
tially transparent to the incident photon beam, an
inelastic mean free path (1) or attenuation length
for electrons of each energy may be obtained from
the relation

I=Iye™’?, (1)

where I and I, represent the intensity of a particu-
lar electron line with and without a covering thin
film of thickness t.

The x-ray-photoelectron spectrometer used in
this work is shown schematically in Fig. 1 and is
described in some detail in Refs. 7 and 8. In or-
der to obtain high photoelectron luminosity the x-
ray source and sample rod are of cylindrical sym-
metry, with electrons emitted from the sample in-
to a cone of half-angle 45° + 2° being accepted into
the spherical-sector electrostatic energy analyzer.
The use of this particular geometry is advanta-
geous in terms of over-all spectrometer sensitivity
and signal-to-noise ratio, but leads to a number of
complications for the purposes of the present ex-
periment. The use of a cylindrical sample rod
poses certain difficulties in the controlled evapora-
tion of very thin and uniform films (see Sec. IIB)
and, in addition, results in the sample being ir-
radiated by x rays at a variety of angles of inci-
dence and in the emission of electrons over a range
of angles of emergence which are still within the
angular acceptance of the energy analyzer. These

2887



2888 BATTYE,

latter considerations are, however, capable of
straightforward analytical treatment as given in
Sec. IIC.

After energy analysis, electrons are detected by
a Cu-Be dynode electron multiplier (EMI type
9643/2B) and the data acquired in a Nuclear Data
1024 -channel multiscalar whose channel-advance
mechanism is synchronized with the scan voltage
of the spectrometer.

B. Preparation and control of thin-film parameters

In order to deposit a uniformly thick film for
either substrate or sample overlayer purposes, the
cylindrical sample rod could be raised from the
measurement position (as shown in Fig. 1) and
rotated about a horizontal symmetry axis, approxi-
mately 20 cm above a pair of evaporation boats. In
close proximity to the sample when in this position,
a quartz-crystal-detector head was positioned in
order to monitor and control automatically the rate
of deposition by means of an Ultek thin-film depo-
sition system’ which was coupled to the power
source driving the evaporation boat in use. By ro-
tating the sample rod at a constant rate and operat-

FIG. 1. Sample preparation area and part of the spec-
trometer. Positions of sample (S) are shown both for
measurement and for evaporation. The cylindrical shield
(SH) encloses the sample during evaporation from one of
two evaporation boats (E) and is equipped with a shutter.
(A is anode; F is filament.)
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ing the evaporation system at a constant evapora-
tion rate, a uniform film of thickness ¢ could be
deposited on the sample rod of radius a. This
technique is essentially that used previously by
Steinhardt et al.'® A Varian A-scope (multiple-

beam interferometer) with an accuracy of +25 A

for films of thickness > 200 A was used for the
calibration of the quartz-crystal oscillator by
means of a series of controlled evaporations. We
estimate that the average thickness of each of the
films used in the present work has been determined
to an accuracy of +2%. Because the pressure in
the sample preparation area of the spectrometer
rose to ~1x 107 torr during evaporation, the
evaporation of 99.999%-pure Al at a rate of 0,25 A
per second resulted in the deposition of completely
oxidized films as observed by Klasson et al. u
Films of Al,0; were produced with thicknesses
in the range 5-30 A (i.e. , of the order of an elec-
tron attenuation length at the energies of interest)
and consequently it was important to ensure that
no islanding or other irregular deposition patterns
were present. Sample films of Al,0; were exam-
ined with this in mind in a scanning electron mi-
croscope (SEM) equipped with an energy -dispersive
x-ray detector. 12 Although the surface topography
of the sample was clearly seen to be complex the
distribution of Al over the sample surface was ob-
served to be essentially isotropic as seen by the
detection of Al Ka radiation caused by the incident
electron beam in the SEM. From this evidence,
and from the evidence of results to be discussed
later, we are satisfied that the thin films used here
were uniform and of constant thickness.

C. Geometrical corrections

As mentioned earlier, because of the geometry
of the spectrometer shown in Fig. 1, x rays are
incident on the cylindrical sample rod at a variety
of angles ¢ (Fig. 2). Although the attenuation of
the x rays used in this work is very small, a com-
plete mathematical treatment must include this
effect, which will clearly be different for different
angles of incidence ¢. We consequently define an
attenuation length A, for x rays entering the sub-
strate, and ignoring surface and interface refrac-
tion, we relate the x-ray flux per second in an ele-
ment of the substrate to the incident x-ray flux per
second 6&,(0) emitted from a small element of
anode surface via

6®,~ 8&,(0)exp[- V2 (a -7)/x,cos(n-«x)], (2)

where the azimuthal angle of the substrate volume
element is k and that of the anode surface element
is approximately 7. Since a is experimentally
much smaller than the x-ray-anode radius and the
spectrometer -entrance-slit radius, the polar angles
of k, and £, are taken always to be /4 (see Fig. 2).
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FIG. 2. Geometrical arrangement of x-ray source,
sample, and spectrometer. The small volume element
of substrate (» 676z 6k) at the point P is irradiated by x
rays of wave vector E, and emits electrons of wave vector

Thus the number of photoeclectrons per second
(6I) which are produced within an element of sub-
strate (of volume 84 87 located a— » from the sur-
face) by photons incident at an angle ¢, and which
are emitted into a solid angle 8 at 6 to the sub-

strate normal (Fig. 2), is
do
61=08%,cos¢ d—s—zNOr 8Q 84, (3)

where N is the atomic density of the substrate and
do/dSQ is the differential photoelectron cross sec-
tion of the relevant subshell for photons of energy
hv. If an overlayer of dissimilar material covers
the substrate this will cause an additional x-ray
attenuation given by exp[ - v2t/\.cos(n — k)] if the
overlayer has a photor attenuation length described
by Aj.

The photoelectrons so generated within a small
element of substrate will be emitted at a variety
of angles to the direction of the incident -photon
wave vector depending on the atomic shell from
which they are ejected. Since this angular distri-
bution determines the path length in the sample
which electrons must travel before reaching the
surface, it is essential that this factor be incor-
porated in the theoretical interpretation. The dif-
ferential cross section may then be written®

29 - Z{(1 - $8)+ 3Bsin’(n, ©)), )
where § is the angle between the incoming x-ray
direction %, and the direction of the photoemitted
electron Ee, B is the asymmetry parameter, and ¢
is the relevant total subshell photoelectron cross
section. The angle 3 is a function both of the x-
ray azimuthal direction angle (~7) and the azimuth-
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al angle for the emitted photoelectron (= £).
Refs. 13-15 we have that

From

B=2.0 for s shells
=1,0-1,5 for p shells
=1.5 for ds;, shells
=1.2 for f;,, shells,

whereas for an isotropic distribution, as may be
assumed for Auger-electron emission, 8=0,

We assume that the photoelectrons are attenu-
ated in the substrate according to the factor

exp[-v2(a~7)/A, cos(k - £)], (5)
with the corresponding factor
exp[-v2¢/A] cos(k - £)] (6)

in the overlayer, A, and A, being the electron at-
tenuation lengths in substrate and overlayer, re-
spectively, and 6 the angle of emergence of the
photoelectron from the sample element with re-
spect to the element normal,

We may thus write that the intensity of photo-
electrons, due to photon flux 6¢,(0)(c<67), which
emerge at angle 6 into solid angle 6§ (c6¢) from
the substrate element which is a - » below the sur-
face of the overlayer is

61

oT 5674'

o cospexp[-vV2(a-7)/x, cos(n - k)]
x exp[-v2t/x, cos(n - k)lexp[- V2(a - 7)/
2, cos(k = £)]
o

x expl-v2t/\, cos(k - §)]%§ motdr . (7)

The total number of photoelectrons emerging per
second from the sample and entering the spectrom-
eter is thus obtained by integrating over » and the
angles 1 and £. It should be noted (i) that the in-
tegrand is essentially constant over the width of the
entrance aperture of the spectrometer and (ii) that
Eq. (7) suffers no loss of generality by assuming
the element in Fig, 2 has k=0,

In evaluating the integral it may be seen from
Fig, 2 that the angles 6, ¢, and ¥ are related to
the angles k, 71, and & through the following rela-
tionships:

#=(cosk, sink, 0), (8)

B,~ (- cosn, —sinn, —1)/NV2, (9)

£, =~ (cos&, sing, -1)/V2, (10)
whence

cosp=Fk,+k,~[1-cos(n-£)1/2, (11)

cosp ==y P cos(n - k) V2, (12)
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cosf =k, #=cos(t - k)/V2. (13)

The anisotropic factor in Eq. (4) may then be re-
arranged so that

do ©

a1 {1+[1+6cos(t-m)

- 3cos®(¢ - m)]p/16} (14)

and the observed photoelectron intensity as obtained
by integration of Eq. (7) then becomes

Yoo (75 [42 f3exp[VE(r=a)1/x, cosn

+1/2, cost)]

x expl= VZH1/2,+1/7;)/cosn +1/x, cosé]
x{1+[1+ 6 cos(£ — 1) - 3 cos?(& - n)] B/16}

x cosndrdndk. (15)

In the present experiment we make the following
assumption concerning the magnitudes of the mean
free paths: A,~X;>\,, A,. Integration over »
and 7 then yields

T [/2expl- V2t/r, cost |2 - (1 + cos2E

(16)
- 3mcost)p/16] cost dt.

This integral has been numerically evaluated for
- 7/2 <& <w/2, but because of the exponential
term, the effective range of £ is actually much
less. The result may be compared with the rudi-
mentary form of the attenuation law, Eq. (1),
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which assumes that all photoelectrons leave the
sample at 6=7/4, i.e., £=0, As may be seen in
Fig. 3, the effect of the photoemission angular
asymmetry parameter Bis clearly small but the
correction which allows for the geometry of the
spectrometer is significant,

III. EXPERIMENTAL RESULTS

The applicability of Eq., (16) is illustrated in Fig,
4 which shows the attenuation of the 4f;,, level
from a gold substrate illuminated by Al K a pho-
tons, as a function of the overlayer (A1,0s) thick-
ness f. Representative spectra of the Auq,; 5,2
doublet are included to illustrate the signal-to-
noise ratio achieved.

Gold, copper, and germanium substrates were
employed in the present work, together with Al
Ko (1487 eV) and C Ko (277 eV) x rays, as indi-
cated in Table I, which also lists the numerical val-
ues of the attenuation lengths, The attenuation
lengths were obtained by adjusting the value of )\;
in Eq. (16) so as to match the experimental data
in the manner illustrated by Fig, 4 for the partic-
ular case of the Au 4f, ,, peak.

Results for the attenuation length of 150-1500-eV
electrons in AL,O, are displayed in Fig, 5, which
also includes data by Klasson et al. for 1389 and
2856 eV, !! Gesell and Arakawa for 20 eV, ! and
Kanter'” at 5, 1500, and 2000 eV, Kanter’s results
and those of Gesell and Arakawa refer to largely
unoxidized samples of Al, The present results are
significant in that they extend previous measure-
ments into the region between 100 and 1 keV, which
is of particular interest for the interpretation of
many current electron-spectroscopic measure-
ments,
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FIG. 4. Data from attenuation of the Au 4f;/,; photo-
electron peak by Al,03 films of thickness ¢ fitted to the
curve of attenuation vs relative thickness ¢/A} from Eq.
(16) for the case f=1.2.

IV. THEORETICAL CONSIDERATIONS

A theoretical treatment of electron scattering in
solids at these energies is fraught with difficulties.
We have, however, attempted to delineate the prob-
lem by calculating the attenuation lengths to be ex-
pected on the basis of some extreme theoretical
assumptions,

A. Tight-binding model

The most important scattering mechanisms for
fast photoelectrons as they traverse an Al,0y sam-
ple towards the surface are likely to be inner-shell
ionizations and individual scattering events involv-
ing a valence-band electron. For the particular
case of AL,O; we have chosen to ignore the possi-
bility of collective interactions with valence-band
electrons (plasmon generation) and have considered
phonon collisions to be insignificant as an energy-
loss mechanism.,

Inner-shell ionization may be treated with some
degree of accuracy by means of a scheme intro-
duced by Lotz'® wherein the Bethe inelastic scatter-
ing cross-section formula'® is modified to include
an empirical correction factor which is significant
for low-energy incident electrons. Lotz’s method,
as detailed by Pessa and Newell, 2° also allows for
a relativistic correction term to be incorporated
which is, however, of no significance in the pres-
ent work.

Following Pessa and Newell we may thus write
the inelastic collision cross section, for electrons
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of incident energy E, interacting with a system
possessing a number of inner-core energy levels
labeled by the subscript ¢, as

Ors =Z‘>a,q¢[1 —bye B/ B In(E/E,)/E E,, (17)

where we assume E > E,;, q,; is the number of elec-
trons in the ith subshell and the constants a;, b;,
and c; have been determined by Lotz and are given
in the article by Pessa and Newell. In the interests
of clarity, the small relativistic correction terms
applicable here have been omitted from Eq. (17).

The major difficulty in calculating a total inelas-
tic collision cross section concerns the method to
be used in treating collisions involving the valence-
band electrons. Such interactions constitute the
most probable energy-loss mechanisms, as may be
inferred from the fact that the contribution to the
cross section from all inner-shell ionizations cal-
culated on the basis of the formula discussed above
is an amount ranging from 4% at E,=100 eV to 14%
at Eg=1500 eV.

One extreme theoretical assumption consists of
taking the view that the Lotz tight-binding formal-
ism may also be applied to the valence-band elec-
trons. It is clear that such a treatment is most
likely to be relevant for the lowest-energy incident
electrons for which the small binding energy of the
valence-band electrons will be of most significance.
It is unlikely that this approximation will remain
valid for even moderately energetic incident elec-
trons. In order to test this assumption we have
applied Eq. (17) (including relativistic correction
terms) to all the energy states of Al,O; and have
derived an estimate of the energy dependence of the
total inelastic mean free path Apg in this tight-bind-
ing approximation from ogg via

Apg = 1/[Nm°'ra (Alzoa)], (18)

where 015(A1,0;) = 2015 (Al) + 3075 (O) and where N,,
is the molecular density of Al,O,.

The result of this calculation is displayed as
curve 1 in Fig. 5. The agreement may be seen to be
good for energies less than about 250 eV, which is
approximately 20 times the average binding energy

TABLE 1. Values of the electron attenuation length in
Al,0O; for energies in the range 150-1400 eV,

X-ray Binding Electron
energy Substrate energy kinetic Mean free
X Ray  (eV) level (V)  energy (V)  path (A)
AlKa 1486.7 Au4fy), 83 1404 16,74 0.8
Au 4dg/y 334 1153 14.94 0.6
Cu KLL Auger oo 914 12,9£1,0
Cu 2py, 931 5568 10.140.9
Ge 2py)3 1217 270 8.5+ 1.5
CKa 277 Cu 38y, 120 167 8.7£0.5
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FIG. 5. Attenuation
lengths for electrons in
Al,05 from the present work
(O) together with results of
Klasson et al. (8). The re-
sults of Gesell and Arakawa
(4) and of Kanter (@) for
electron attenuation in Al
are also shown. Solid lines
represent attenuation lengths
calculated from 1, the Lotz
equation, and 2 and 3, the
Mott formalism with mini-
mum allowed energy losses
of 1 and 6.3 eV, respective-
ly. Curves labeled 4 and 5
have been derived using a
screened-Coulomb-interac-
tion mechanism with mini-
mum energy loss set at 1
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of valence-band electrons, but the application of
this model clearly underestimates the inelastic col-
lision cross section for energies higher than 250
eV.

B. Mott scattering model

At the other extreme we may investigate the re-
sults of the assumption that the valence-band elec-
trons in Al,O, are entirely free. One well-known
model applicable to this situation is that of Mott
scattering, which treats the elastic scattering of
identical spin~% particles within the framework of
a phase-shift analysis.?! Thus

doMott - /gz) < 1 1
v s

"&£ \sin®(20) * cos*(20)

2 cos{¢ 1n[tan?(36)]}
- S (18)c0s%(20) )d“’ 19

where ¢ = 62/161760. A calculation of the mean free
path for electrons in Al,O, using Eq. (19) for all
valence electrons and Eq. (17) for all other energy
levels results in curve 2 shown in Fig. 5, which
clearly overestimates the magnitude of the total in-
elastic collision cross section at all energies of
interest. This overestimate is due to the use of an
unscreened Coulomb interaction potential implicit
in the Mott formalism, which results in the predic-
tion of large numbers of small-angle (small-ener-
gy-loss) collisions. It seems likely that the basic
Mott model may be improved by the introduction of
a minimum energy loss (6.3 eV, being the band gap
in Al,O;) and by the use of a screened Coulomb in-
teraction potential. As a first step, the prediction
of the Mott formula whenever a minimum energy
loss of 6.3 eV is imposed is shown in Fig. 5 as

and 6.3 eV, respectively.

curve 3. The agreement with experiment is seen
to be considerably improved over that obtained us-
ing the basic Mott formalism.

C. Screened-Coulomb-potential model

In the first Born approximation the scattering
amplitude A,, for a particle of mass p to be excited
from state ¢, to state ¢, due to an interaction de-
scribable via a potential V is?

Apo=(= /2112 < ¢, |V | §,) (20)
which reduces to
Ayy= (= /2182 V (&, ~ K,) (21)

in the plane-wave approximation. For elastic scat-
tering |k, | = IK,|= kol and 1K, - Kk, | = 2kosin(6),
where 0 is the scattering angle. Using a screened
interaction potential of the form

V()= (e?/4ameyr) e, (22)
where 7, is a screening radius, it follows that
Ay l(0) = —ae® /{16me E [4sin®(36) + 1/R2r2]}. (23)

Allowing for the spin states of the interacting sys-
tem we find that

do5C=A(0) +A(m - 6)2 —A(0)A(T - 6)

=<I%%> [\4 sinz(%,;) + (k(,ro)'2>2 * (4 cos2(§6§ + (koro)'a) z

16 1
" [45in2(36) + (ko) ][4 cos?(16) + (kyr,) 2}

aq,

(24)
where ¢ =e?/16me, as before and 72k%=2uE,.
For the present purposes, the screening radius
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7, has been determined using a formula which is
known to be reliable for the description of plasmon
generation in simple metals?®

k0=(AE/EF)kF ’ (25)

where kq=27/7, kg is the wave vector of an elec-
tron at the Fermi energy Ep, and AE is the plas-
mon energy. Although Eq. (25) is of uncertain
validity for the case of Al,0;, a characteristic en-
ergy loss of approximately 20 eV has been observed
in this material and identified as due to plasmon
creation.?® The value of 7, obtained in this manner
is ~3 A.

The results of calculating a mean-free-path func-
tion via Eq. (24) is indicated in Fig. 5 as curve 4,
where the minimum energy loss has been taken as
1 eV to allow for instrumental resolution. If the
minimum energy loss is taken equal to the band gap
in Al,O4 (6. 3 eV), this prediction becomes curve
5. In all cases the inner-core levels have been
treated as before via the Lotz method.

V. CONCLUSIONS

Precision measurements of the variation in the
total inelastic scattering mean free path for elec-
trons in Al,0; have been made covering the impor-
tant energy range 150-1500 eV by a photoelectron
spectroscopic technique. It has been demonstrated
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that the major process contributing to the stopping
power of Al,O; for such electrons is connected with
collisions involving valence-band electrons, and a
variety of theoretical models have been investigated
in an attempt to describe these collision processes.
A model in which the valence electrons are treated
as if they were tightly bound has been shown to give
reasonable agreement with experiment for electron
energies < 250 eV but to be a poor approximation

at higher energies. Imposing a minimum-energy-
loss condition on free-free collision models, there-
by accounting for the band gap in Al,O,, has been
demonstrated to give good agreement at higher en-
ergies. We consider that the agreement between
the Mott scattering model and experiment is some-
what fortuitous, being the result of the introduction
of the minimum-energy-loss condition, which is
equivalent to a truncation of the unscreened Cou-
lomb potential used in this model. The introduction
of such a minimum energy loss would not be possi-
ble in the treatment of a metal for which the Mott
formula would clearly overestimate the collision
cross section. Despite some uncertainty in the
value to be used for the screening parameter 7, in
the screened Coulomb model we consider this mod-
el to represent a reasonable treatment of electron
scattering for energies in the region 1-5 keV in
Al,0,.
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