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SIGNAL PHOTOELECTRON YIELD DEPENDENCE
ON THE X-RAY ANGLE OF INCIDENCE
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Institute of Physical Chemistry, Polish Academy of Sciences
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The photoelectron emission from solids irradiated by X-rays was de-
scribed by the analytical theory of electron transport and simulated by the
Monte Carlo technique. The medium energy electron transport problem is
treated by means of a Boltzmann type kinetic equation satisfying appro-
priate boundary conditions. The solution of the transport equation was ob-
tained in the transport approximation based on the generalized radiative
field similarity principle. Simple and reliable formalism was derived for both
the differential and the total photoelectron yields. The dependence of the
photoelectron yield on the X-ray incidence angle and the “flattening” effect
\ of multiple elastic scattering on the angular distribution of electrons leav-
ing the target are analysed in detail. The photoelectron yields and angular
distributions calculated by the Monte Carlo algorithm, based on a realistic
differential elastic scattering cross-section, are in good agreement with the
results found from analytical theory. It is shown that main characteristics of
the photoelectron emission are determined primarily by two parameters: the
inelastic and the transport mean free paths.

PACS numbers: 79.60.—1, 72.10.Bg, 34.80.Bm

1. Introduction

When passing through matter, X-rays may ionize low lying atomic shells
and create photoelectrons whose initial velocities are determined by the absorbed
photon energy and the binding energy of the corresponding atomic shell. Some
of those electrons, after travelling a certain path length, can reach a target sur-
face and leave the irradiated sample. The photoelectrons escaping from the target
without being scattered inelastically retain their initial kinetic energy and thereby
carry direct information about chemical composition of top surface layers. Emis-
sion of signal photoelectrons has been a subject of intensive studies during the last
decade [1-4] due to wide application of the X-ray photoelectron spectroscopy in

*On leave from Moscow Engineering Physics Institute, Kashirskoye sh., 31, Moscow 115409,
Russia.

(853)



854 LS. Tilinen, A. Jabtodski, B. Lesiak-Ortowska

surface analysis [5]. It has been realized that proper account of elastic scattering
of electrons on their way out of the target would improve significantly quantifi-
cation of experimental data concerning both the angular spectra and the escape
probability as a function of the depth of origin of photoelectrons.

This paper is devoted to further studies of the signal photoelectron yield
dependence on the basic electron transport characteristics as well as on the geo-
metrical conditions.

2. Theory

Let a broad beam of X-rays be incident on a flat target at the polar angle ¢
counted from the surface normal. The effective escape depth of the photoelectrons
leaving the target without being scattered inelastically is usually small compared
with the absorption and the transport mean free paths of photons in the matter.
Hence, the attenuation of the photon beam in the near surface region providing
the major contribution to the photoelectron yield can be neglected. It follows
from this that the initial angular distribution of signal electrons can be regarded
as independent of depth. In the case of non-polarized radiation and randomly
oriented atoms and molecules, the initial spectrum of photoelectrons normalized
to unity is given by the expression [6]:

F(£20,92) = (4m) 1 {1 = (6/4) [3(2012,)* = 1] }, (1)
where {29 and §2,, are the unit vectors along the directions of photoelectron emission
from atoms and X-ray propagation respectively, and £ is the asymmetry param-
eter. To find the angular distribution of photoelectrons leaving the sample it is
necessary to solve a kinetic equation with a boundary conditions implying that no
electrons enter the target [3, 7]. Recently Werner and Tilinin [3] found an expres-
sion for the angular distribution of photoelectrons escaping from the target in the
case of azimuthally symmetrical problern. Further generalization of their result for
an arbitrary geometry leads to a formula for the differential photoelectron yield
Y (£2), where Y (£2)df2 describes the number of electrons emitted from a unit area
of the surface in the elementary solid angle df2 along the direction of the unit vec-
tor £2. In the present paper, the attention is paid to analysis of the photoelectron
angular spectrum with respect to the emission polar angle « counted from the
surface normal and the total photoelectron yield.

Taking into account the initial angular distribution of electrons (Eq. (1)) and
integrating the differential photoelectron yield Y (£2) over the azimuthal angle we
arrive at the following formula for the photoelectron distribution with respect to
the cosine of the emission angle p = cos «:

Y0) = oo/ )| ) = S(oud = (3" - )
wp 1$H($,W)H(N’w> 9,2 NCI
16 J, s D 1)d$]' )

In the latter expression H(p,w) is the H-function of Chandrasekhar for an isotrop-
ically scattering medium [8], pty = cos @, the parameter yo and the single scattering
albedo w are defined by

Yo = noFopnApw, w = AAe/(Ai + Aa),
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.where o s the atomic density, oph 18 the total photoelectric cross-section. F'
is the incident photon flux, Aj and Ay are the inelastic and the transport rrfean
free path respectively. It should be emphasized that formula (2) is found in the
trapsport appro:;irnation implying replacemnent of a real differential elastic scat-
tering cross—sec.:tlon in the kinetic equation by an isotropic one being equal to
the cor?espondmg momentum transfer cross-section. The validity of the transport
approximation is discussed in detail elsewhere [3, 7].

The analysis shows that for the relatively small values of single sca;ttering
glbedp w < 0.5, typical of medium energy range electrons, the contribution of the
integral term in the right side of Eq. (2) to the differential yield is usually small
compared with that of the first term, and does not exceed a few percent. Therefore,
the integral term may be omitted in practical assessments and we obtain a simple
expression for the angular spectrum of photoelectrons leaving the target

y H(:u) L()) ,3 2 g 9
06~ (e )~ oo - 1w - 1) ®

In the limiting case of strong absorption A; < A, formula (3) reduces to the
result of the straight line approximation

Y(p) ~ p(Mi/l)f (1, 1), (4)

where f(u, fiy) is the initial angular spectrum integrated over the azimuthal angle,
and l,-= (nooph)~! is the absorption mean free path of photons in the solid. In
the opposite limiting case of intensive elastic scattering, A > A¢r, we have

Y (1) ~ u( /1) H (s, 1). (5)
The latter result is derived by neglecting all the terms but the first one on the
right side of Eq. (2) and by putting 1 — w ~ Ay/Ai. From (4), it follows that
when elastic scattering is ignored, the angular distribution of electrons leaving
the sample becomes proportional to their initial spectrum f(u, fty). On the con-
trary, if particles experience intensive multiple elastic scattering they completely

~lose information about the initial direction of motion (see Eq. (5)). Generally,

the differential yield Y'(jt) may be presented as the sum of two functions, one of
which is proportional to the initial distribution f(, s4y) while the other is equal to
r(p) = (pyo/2) [H(p,w)(1 - w)~1/2 — 1]. Obviously the function () describes
the randomized fraction of the photoelectron yield. The effective escape depth of
those electrons increases with augmenting the inelastic mean free path proportion-
ally to (AiAg)!/? which is clearly seen from Eq. (3). On the contrary, the particles
whose angular distribution is directly proportional to the differential photoelectric
cross-section escape from the target without being deflected at all. To be precise,
they may suffer small angle scattering on their way out of the sample. In the trans-
port approximation this effect is accounted for by replacing the elastic mean free
path Ae by the transport mean free path Ay For a sharply peaked forward dif-
ferential elastic scattering cross-section the quantity Ag > Ae. Hence we conclude
that in the approach considered the group of undeflected electrons comprises both
the electrons that do not experience elastic collisions at all and the particles that
suffer small angle elastic scattering. In practically relevant cases the contributions
of these two groups of electrons to the yield are of the same order of magnitude
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and the corresponding mean escape depths differ usually by several tens percent
from each other.

The total yield of signal photoelectrons y can be found by integrating the
distribution Y'(u) over the p variable. Performing the integration we find

W — 1/0—1+X0_ﬁ u2 —
y= yo{——— 64(3 1)

[1+2w/ / zH(z,w)H ”“’)(3””2“1)@@]}. (6)

T+ pu
Here vyp is the positive root of the characteristic equation

1= (wro/2)In[(vo + 1)/(vo — 1)]
and xo is the integral

xo = (1/7) / o

where the function x(u) is defined by

arctg z(p), z >0,
x(p) = & _(u)
7+ arctgz(u), = <0,

and &(p) = (wur/2) {1 — (wp/2) In[(1 + p)/(1 = W]}~

It can be easily shown that the double integral in the right side of Eq. (6)
is as a rule small compared with unity and may be often neglected. If this is the
case we get for the total yield the simple formula

y=yo [(vo — 1+ x0)/w — (8/64)(3p2 - 1)] . (7)
The total yield varies slowly with the cosine of X-ray angle of incidence p., and
reaches its maximum value at w, = 0. In the limiting case of strong absorption
Ai € Ay the elastic scattering effect is negligible and, as it is expected, formula
(6) reduces to the result of the straight line approximation

y = (v0/4) [1 = (B/16)(3u% - 1)] . ®
In the opposite limiting case of weak absorption A; 3> Ay, the positive root of the
characteristic equation becomes large compared with unity, vg > 1. As a result
the yield y is mainly determined by diffusely scattered electrons and is almost
independent of the X-ray angle of incidence, y ~ (AiAe/31,)1/? in accordance with
the recent finding [7].

On the basis of the developed approach, it is possible also to calculate the
so-called partial yields y* and y~. The quantity yt represents the total amount
of photoelectrons emitted initially towards the surface and leaving the target.
Correspondingly y~ equals the number of electrons that are ejected from atoms
with the momenta directed inside the sample but escape from it due to elastic
scattering. By definition we have y = y* + y~. The partial total yields are given
by the expressions

vt = (y0/4) [2(vo — 1+ x0) + 1 — (8/16)(3u% - 1)], (9)
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V= /2 [0 = L o) - )= |

1
+§(3,un2/ - 1)/0 [1- .(1 ~w)?H(z,0)(32% — 1)]zdz| . (10)

Owing to a small value of the integral in the square brackets of Eq. (13) the partial
yield y~ varies extremely slowly with changing the X-ray angle of incidence. From
the physical point of view this is consistent with the fact that the quantity y—
comprises mostly the photoelectrons undergoing multiple elastic scattering and
thereby being almost completely randomized. For rough assessments one can put
¥y~ ~ (yo/4w)[2(vo — 14 x0)(2 — w) — w]. The behaviour of the total yields y*
and y~ in the corresponding limiting cases can be easily traced. We note only that
the quantity y~ decreases rapidly with diminishing the single scattering albedo w.

3. Comparison of analytical and Monte Carlo simulation results

The Monte Carlo simulation technique represents not only an independent
tool for photoelectron transport study but also provides an effective means of
verification of analytical results in those cases when accuracy of an approximate
solution is difficult to assess. In this report the Monte Carlo method was used
to evaluate the photoelectron yields in a narrow and the 27 solid angles for Al,

TABLE
The dependence of the total photoelectron yield y on the X-ray angle
of incidence @. Calculations are made for the photoelectron energy F =
689 eV, and the asymmetry parameter § = 2.0. MC — Monte Carlo
simulation data, AT — analytical theory (Eq. (6)).

0 Total yield y [electron-cm™2-s71]
[deg] Al Cu Ag W Pt
MC | AT | MC | AT | MC | AT | MC | AT | MC AT
0 28512761237 (234|2.04|2.04]1.93(191}191 1.88
10 | 2.8812.79(2.40(2.36|2.05]2.06]|1.96]1.92]1.92 1.90
20 12.9812.91|245(2.43 2111212 ?.00 1.97 1 1.97 1.95
30 |3.11]3.061]2.55|252]2.20]2.20|2.07|2.05]2.056 2.02
40 |3.2913.25|2.67|2.64]232(230]2.16]2.14|2.13 2.10
50 | 3.48|3.45|2.79 | 2.77 | 2.44 | 2.41 | 2.27 1 2.25 | 2.23 2.22
60 | 3.6713.64(2.911]2.89]2.55]2.54|2.36]2.34]2.30 2.30
70 13.7913.80(3.01]2.99]2.63]26312.43)2.42]2.38 2.38
80 |3.8813.80(3.05|3.06]2.71]2.69|2.48|2.47|2.42 2.43
90 - 39 - |307| - 271} - 248 - 2.45
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Fig. 1. The dependence of the photoelectron yield Y collected in the narrow solid
angle (the half cone acceptance angle Ao = 10°) along the surface normal on the X-ray
angle of incidence 6 for the Mu 2paj, line and the Al, Cu, Ag, W and Pt targets. The
photoelectron energy E = 613 ¢V, the asymmetry parameter # = 1.47. Open circles —
Monte Carlo simnlation data, solid curves — analytical theory.

Cu, Ag, W and Pt targets and Ti 2s, Mn 2pg/s, Al 2p, Au 4f7/5 photoelectron
lines corresponding to the electron initial energies of 689, 613, 1169 and 1180 eV
respectively. Detailed description of the Monte Carlo procedure may be found else-
where [9]. In Fig. 1 the photoelectron yield Y collected in the narrow solid angle
along the surface normal (half cone acceptance angle Aw = 10°) is displayed as
the function of X-ray angle of incidence §. The photoelectron energy is 613 eV
and the asymmetry parameter § = 1.47.The solid lines are analytical results cal-
culated by integrating expression (2) over g from p; = cos 10° to py = 1, while
the open circles are the Monte Carlo data found for a realistic differential elastic
scattering cross-section. It should be stressed that the analytical and Monte Carlo
results were obtained for the same photoelectron source power. This made possi-
ble to compare the data found by the two approaches in absolute units. Largest
discrepancies between the analytical and Monte Carlo results are observed for the
normal incidence of X-rays and reach about 10%. In other cases they do not exceed
a few percent. In Table the total yields calculated for the Ti 2s line are shown for
different X-ray angles of incidence. The agreement hetween the analytical theory
and the Monte Carlo data is excellenit: the discrepancies are smaller than 1% and
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do not exceed a statistical error of Monte Carlo calculations. Similar results were
found for other photoelectron lines.

Good agreement between the theory based on the transport approximation
and the Monte Carlo data indicates that the former can be effectively used in

practical assessments of photoemission characteristics. The elastic scattering effect

can be described with sufficient accuracy by the only parameter, the transport

mean free path Ay
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