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Quantitative analysis of angle-resolved XPS spectra
recorded in parallel data acquisition mode
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The effects of anisotropy of the photoionization cross-section and elastic scattering of photoelectrons in
solids are investigated for angle-resolved XPS spectra (ARXPS) recorded from ¢—Al,O; substrate in parallel
data acquisition mode. It is shown that for quantitative analysis of ARXPS spectra recorded in parallel

data acquisition mode it is essential to account for the anisotropies of the photoionization cross-sections of
the detected photoelectrons for the concerned elements in the solid due to variation of the angle between
the incident x-rays and the detected photoelectrons. Neglecting the effect of elastic scattering only leads
to minor errors in quantitative analysis of the ARXPS spectra. By adopting experimentally determined
values for the relative sensitivity factors of the concerned photoelectrons in the solid as a function of the
detection angle, cumbersome corrections for the effects of anisotropy of the photoionization cross-section
and elastic scattering can be avoided. Copyright © 2004 John Wiley & Sons, Ltd.
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INTRODUCTION

In a conventional XPS instrumental set-up, angle-resolved
x-ray photoelectron spectroscopy (ARXPS) measurements
are performed by tilting the specimen, thereby maintaining
a fixed angle ¢ between the incident x-rays and the
analyser (i.e. the detected electrons; see Fig. 1). In general,
the angle ¥ is chosen to be close to 54°, corresponding to
the so-called ‘magic angle’. At this specific angle of v, the
effect of anisotropy of the photoionization cross-section on
the recorded photoelectron intensity cancels out and thus
the total photoionization cross-section o for the detected
photoelectrons of the concerned elements in the solid can
be used directly for quantification (see next section and Refs
1-3). The total photoionization cross-section o4x, is defined
as the transition probability (per unit time) for exciting a
photoelectron from the nth subshell of core-level shell X of
element A in the solid per unit incident photon flux.

The Thermo VG ‘Thetaprobe’ instrument employed in
the present investigation has the capability of detecting
photoelectrons over a wide angular range without tilting
the sample (so-called parallel data acquisition mode), which
greatly speeds up the recording of a series of ARXPS spectra.
Further advantages compared with a conventional ARXPS
set-up are that the analysed area and position remain
constant, i.e. they are independent of the photoelectron
detection angle « (with respect to the sample surface normal;
see Fig. 1).
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For an ARXPS measurement recorded in parallel data
acquisition mode, the solid angle of acceptance of the
analyser is divided into numerous channels, with each
channel corresponding to a particular angular detection
range (with a maximum possible 96 channels divided
over a total detection range of o = 23-83° in the present
case). This implies that, in contrast to a conventional
XPS set-up, the angle ¥ between the incident x-rays and
detected photoelectrons is not a constant but varies with
the detection angle o (see Fig.1). As demonstrated in
the present study, accurate quantitative analysis of these
ARXPS spectra then requires knowledge of the anisotropy
of the photoionization cross-section for each core-level
photoelectron line studied (see next section). This implies that
instead of the total photoionization cross-section o, as used
in the quantification of conventional ARXPS measurements,
the differential photoionization cross-section do/d2 of the
elements in the solid must be employed in the quantification.
The differential photoionization cross-section describes the
angular distribution of the emitted photoelectrons as a
function of solid acceptance angle, and its value depends
on the angle v between the directions of the incident x-rays
and the detected photoelectrons, the orbital angular quantum
number and kinetic energy of the concerned photoelectrons
(see next section).

The present study investigates the effects of the
anisotropy of the photoionization cross-section and elas-
tic scattering of the emitted photoelectrons in the solid on the
quantitative analysis of ARXPS spectra recorded in parallel
data acquisition mode. As a case study, the relative sensitiv-
ity factor (S) for the O 1s to Al 2p photoemission process in
a-Al,Oj; as a function of the angles o and  is determined
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Figure 1. Schematic illustration of the interaction of incident
photons with the sample surface: y is the angle between the
directions of the incident photon and the sample surface
normal; « is the detection angle between the directions of the
detected photoelectron and the sample surface normal; and ¢
is the angle between the directions of the incident photon and
the detected photoelectron.

from their corresponding ARXPS spectra recorded in parallel
data acquisition mode. Such experimentally determined sen-
sitivity factors (S) for various angles « and v can be employed
to calculate the composition, film thickness or depth distri-
butions of various oxidic species, e.g. in thin oxide films
grown on metal substrates by thermal oxidation (cf. Ref. 4).
The results will provide a framework for the interpretation
of ARXPS spectra as recorded with state-of-the-art ARXPS
instruments employing parallel data acquisition mode.

In the next section the theory on the anisotropy of
the photoionization cross-section and the correction factors
involved in quantification of ARXPS spectra (with and
without accounting for the effects of elastic scattering) are
presented. Also, a simple method for the determination of
relative sensitivity factors from measured ARXPS spectra
is given. The experimental details and the data evaluation
procedure are given and, finally, the results and discussion
are presented in terms of the effects of the anisotropies of the
photoionization cross-sections and elastic scattering on the
relative O 1s to Al 2p sensitivity factor determined from the
ARXPS measurement of a-Al,Oj3 (in parallel data acquisition
mode).

THEORY

The observed primary zero-loss (PZL) intensity I3 (cf. Ref.
5) of photoelectrons ejected with a kinetic energy E from the
nth subshell of core-level shell X of an element A distributed
within a solid can be expressed by (cf. Ref. 6)

I3, = K (doax, /dQ) / Ca(z)
z=0

z

X exp _/diz dz 1)

My, (@, E)cosa

z/=l
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where: K is an instrumental factor that depends on factors
such as area of analysis, energy and flux of the incident
x-rays and solid acceptance angle of the analyser (cf. Ref.
6); detection angle « is defined as the angle between the
specimen surface normal and the solid acceptance angle of
the analyser (see Fig. 1); C4(z) is the atomic density of element
A in the solid as a function of depth z below the sample
surface; Ay (z, E) is the inelastic mean free path (IMFP) of
the detected photoelectrons traversing with kinetic energy E
through the solid as a function of depth z below the sample
surface; and (doax,/d2) is the differential photoionization
cross-section. The depth dependence of IMFP due to possible
changes in composition (as experienced for thin metal oxide
film systems when proceeding from the substrate to the oxide
film, cf. Ref. 6) is accounted for by the second integral over dz'.
In Eqgn. (1) the effect of elastic scattering of the photoelectrons
propagating through the solid has been neglected.

Anisotropy of photoionization cross-section

The differential photoionization cross-section (doax,/d<2)
obtained in the dipole approximation (cf. p. 42 in Ref. 1) for
unpolarized x-rays and a randomly oriented set of atoms (or
molecules) in the solid, as appropriate to studies of gaseous,
polycrystalline or amorphous specimens, is expressed by (cf.
Refs 2 and 3)

(doax, /dRQ) = oax, W, Bax,)

_ %% |1 _ Pax,

4 4

(3cos?y —1) )

where: 0y, is the total photoionization cross-section (inte-
grated over the full 47 range for a given angle ¥ between the
directions of the incident photon beam and the ejected pho-
toelectrons; see Fig. 1), defined as the transition probability
(per unit time) of emitting a photoelectron from the nth sub-
shell of core-level X of element A in the solid per unit incident
photon flux; W(, Bax, ) is the asymmetry factor describing
the intrinsic anisotropy of the photoionization cross-section;
and Bax, is the asymmetry parameter describing the angular
distribution of the ejected photoelectrons concerned.

The allowed range for the asymmetry parameter Bx, is
determined by the requirement that the cross-section should
be non-negative (cf. Ref. 1), i.e. —1 < Bax, < 2. A positive
value of Bax, implies that photoelectrons are preferentially
emitted at angles perpendicular to the direction of the
incident photons (i.e. ¥ = 90°), whereas a negative value
indicates preferential emission parallel or anti-parallel to
this direction (i.e. ¥ = 0° or 180°). A value of B4x, = 0 yields
an isotropic distribution. The exact value of Bax, depends
upon the orbital angular momentum quantum number [ (i.e.
the type of subshell) and the kinetic energy of the emitted
photoelectrons (and thus on the incident photon energy hv),
where for all s-type subshells (i.e. I = 0) the value of Bax, = 2.
Values of B,x, are tabulated in the literature only for elements
in their gas phase (cf. Refs 7-9).

As follows from Eqn. (2), due to the anisotropy of the
photoionization cross-section the recorded photoelectron
intensity depends on the angle i between the directions
of the incident photons and the detected photoelectrons (see
Fig. 1). In a conventional XPS set-up, the x-ray source and
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the analyser are fixed and the angle between them is usually
chosen close or equal to the so-called magic angle of ¢ =
54.74°, for which the g -dependent term on the right-hand
side of Eqn. (2) vanishes. In this case, even for angle-resolved
measurements (obtained as a function of the detection angle
o for a fixed angle of ¢ by tilting the sample; see Fig. 1), no
correction for the anisotropy of the photoionization cross-
section W(y, Bax,) is required upon quantification. This
implies that only the total photoionization cross-section is
required for the quantification of these ARXPS spectra.

On the other hand, for a state-of-the-art ARXPS measure-
ment employing parallel data acquisition mode, the signal
intensities are collected simultaneously over a wide range of
detection angle «, while fixing both the sample position and
the angle y between the incident photon beam and the sam-
ple normal (see Fig. 1). Consequently, the angle v does vary
with the detection angle «, and separate values of W(y, Bax,)
are required upon quantification for each detection angle
concerned (see Results and Discussion).

Effect of elastic scattering

Elastic scattering of emitted photoelectrons in a solid
affects the distribution of the photoelectron trajectories, i.e.
it partially randomizes the direction of electron motion.
Consequently, the observed anisotropy of the differential
photonionization cross-section of an element in the solid
differs from the corresponding intrinsic anisotropy of the
differential photonionization cross-section of the isolated
atom; i.e. the anisotropy observed for solids is a little less
pronounced (the asymmetry parameter Bax, is relatively
lower). The results of Monte-Carlo (MC) simulations (cf. Refs
10 and 11) have shown that the effect of elastic scattering
in solids can be accounted for by replacing the cross-
section (doax,/dS2) of Eqn. (1) with an effective differential
photonionization cross-section, defined as

(doax, /dett = oax, N (¥, BSY)

1 IBeff
= 0x,Qax, - 1- AX" (Bcos®y — 1)| (3a)

where S5 denotes the effective asymmetry parameter
describing the actual, observed angular distribution of the
measured photoelectron intensities, and Qax, is a weak
correction factor (ranging between 0.9 and 1) accounting
for the reduction in the overall escape probability of
photoelectrons due to elastic scattering within the solid (i.e. it
describes the relative change in the observed photoelectron
intensities due to elastic collisions). The incorporation of
(doax, /dS2)es in Eqn. (1) is equivalent to replacing the IMFP
in Eqn. (1) (ie. )»qun) by an effective attenuation length (EAL)
25k, defined as (cf. Ref. 12)

Wy, B3,

Ay =My Qax, - W (3b)

Bax,)

Accurate expressions for the parameters Qax, and B5%

obtained within the so-called transport approximation,
which neglects the structure in the differential elastic
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ARXPS in parallel data acquisition mode

scattering cross-sections (i.e. isotropic elastic scattering is
assumed), are given by (cf. Ref. 13)

Quax, = (1 = w)(D1 + Dy) (4a)
and
L (4b)
! Qax,
where
H(cosa, w)
D= —— 4
T Vi—e e
and
,BAX,,

D, = (Bcos? ¥ — 1)H(cos a, w)

1
X / xH(x, o)(x + cosa) ' (3x2 — 1dx  (4d)
0

In the above equations, w is the so-called single scattering
albedo defined as

w =
i

AXn

Mix |
1+ 5a
; ] (5a)
where 1}y denotes the transport mean free path (TMFP) of
the concerned photoelectrons of kinetic energy E in the solid,

which for a solid compound consisting of m components is
given by (cf. Ref. 14)

m -1
Ay, = (M > xkaﬁ,k> (5b)
k=1

Here, M is the total atomic density of the compound, x; is
the atom fraction of the kth component in the compound
and oy x represents the transport scattering cross-section of
the kth component for the concerned photoelectrons with
kinetic energy E (cf. Ref. 14). Finally, the term H(cos «, w) in
Eqns 4(c) and 4(d) is the Chandrasekhar function (Ref. 15),
which can be solved by an iterative procedure (see Ref. 15) (a
matlab script to solve the function of Chandrasekhar, H(x, »),
for any value of 0 < x <1 and 0 < w < 1 by an iterative
procedure can be obtained upon request from the author) or
approximated by an analytical expression (cf. Ref. 12).

The term D, in Eqn. (4a) is generally neglected, because
its value in all cases is considerably smaller than the value
for the D; term (cf. Refs 12 and 13). Further, it is noted
that for pure elements, simpler approximate expressions for
the estimation of factors Qax, and ﬂeff are reported in the
literature (cf. Ref. 16).

Relative sensitivity factor in binary solids

Adopting Eqns (1), (2) and (3b), it follows that the composi-
tion (i.e. the atomic ratio) of a homogeneous, infinitely thick
(as compared to the IMFP) binary compound AB is related
to the measured total PZL photoelectron intensities I3, and
I35, recorded from elements A and B in the solid by

00 eff
Ca _ Lix, Ay,

98y, WV, Bay,,)
Co Iy, A,

oax, W, Bax,)
- Qu, WY, B5Y,)
Quax, Wy, B )

00 i
_ Dk, by, sy,
— Joo i
IBYm )\'AX,, OAXy

(6a)
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where I3y and I3, denote the PZL intensities of the
photoelectrons emitted from the nth and mth subshells of
core-level shells X and Y of elements A and B within the
(infinitely thick) solid, respectively. The relative sensitivity
factor Sax, /sy, for the AB reference compound with a known
atomic ratio C4/Cp is then defined as

ff
S Cs Iix, ax, 0oax, W, Bax,)
oy, = B A tax, Oax VY, Pax,)
/ Ca I, 2% 0w, W Bey,)
M, oax, Qux, WY, Box.) (6b)
Mgy, 98v.  Qpy, W, B )

Consequently, the relative sensitivity factor incorporates the
combined effects of:

(1) The relative difference in the EALs 255 and A3} as a
function of angles « and ¢ (i.e. the relative difference
in inelastic and elastic scattering of the concerned
photoelectrons during their transport through the solid).

(2) The relative difference in the total photoionization cross-
sections o,x, and oy, (independent of « and ).

(3) The relative difference in the asymmetry factors
W, Bax,) and W(¥, Bay,,) as a function of angle v (i.e.
the relative difference in the anisotropy in the angular
distribution of the concerned photoelectrons).

As follows from Eqn. (6b), the value for Sax, sv,, as a function
of angle i and/or detection angle « (see Fig.1) can be
determined experimentally from the PZL intensity ratio
I5%, /15y, obtained from a series of measured XPS spectra
recorded from the reference compound for a various set of ¥
and o angles.

In a conventional XPS set-up (for which angle v is fixed
for various detection angles «; see section on anisotropy of
photoionization cross-section), the experimentally obtained
value of Sax, sy, should be independent of the detection
angle o provided that the EAL ratio A% /28] is a constant
and no photoelectron diffraction effects occur (as is valid for
polycrystalline and amorphous solids). Moreover, if such a
series of measurements is made at the magic angle of v, the
asymmetry factor ratio in Eqn. (6b) vanishes (see Theory).

On the other hand, for a similar ARXPS measurement
employing parallel data acquisition mode (for which angle
Y varies with detection angle «; see section on anisotropy of
photoionization cross-section), Sax,,sy,, does depend upon
the detection angle o due to the accompanied change in
angle v (see Fig. 1). Only for the special case where both
subshells n and m are of the s-type (i.e. Bax, = Bay,, = 2) is
the experimentally obtained value of Sy, gy, independent
of the detection angle « (again, provided that A5 /A%) isa
constant and no photoelectron diffraction effects occur).

Knowledge of the dependence of the value of Sx,,sy,, on
angles ¢ and « is required for the quantification of ARXPS
spectra recorded from binary compounds of unknown com-
position, as well as from thin layered structures on substrates
(as, for example, in the determination of thicknesses and com-
positions of thin oxide films on metal substrates; cf. Ref. 4).
In the next section, the variation of the relative sensitivity
factor Sois/a10, with the interdependent angles v and o will be
investigated for the ARXPS spectra recorded in parallel data
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acquisition mode from an a-Al,O; reference with a known
O/ Al atomic ratio of 1.5. The values of Soy,/a12, Obtained as
a function ¥ and o may be adopted in the quantification of
ARXPS spectra recorded from thin Al oxide films grown on
Al substrates by thermal oxidation (cf. Ref. 4).

EXPERIMENTAL AND DATA EVALUATION

A one-side-polished (<0.25um) (1100)-oriented a-Al,Os
single crystal with an O/Al ratio of 1.5 (purity <99.99%
supplied by Goodfellow Cambridge Ltd) was thoroughly
cleaned ultrasonically in acetone, ethanol and 2-propanol
and then dried by blowing with pure compressed nitrogen
gas. Next, the sample was introduced into an ultrahigh
vacuum chamber at a base pressure of <3 x 1078 Pa, for
XPS analysis. First, the adventitious carbon and any other
contaminants present on the oxide surface were removed
by a short (a few minutes) gentle sputter-cleaning treatment
with low-energy (1 kV) Ar" ions. After this sputter-cleaning
treatment, no surface contaminants were detected in the
XPS spectra recorded over a binding energy (BE) range of
0-1400 eV (see below for instrumental details).

The ARXPS analysis of the specimen was performed
with a Thermo VG Thetaprobe system operating in the so-
called parallel data acquisition mode (see introduction) using
monochromatic incident Al Ka radiation (hv = 1486.68 eV;
spot size 400 um). The emitted electrons were detected
simultaneously over the angular range (with respect to the
surface normal) of 23-83° in eight ranges of 7.5° each. The
energy scale of the concentric hemispherical analyser (CHA)
was calibrated with high-purity, sputter-cleaned reference
samples of Au, Ag and Cu, such that the corresponding Au
4f;/5, Ag 3ds,; and Cu 2p, 2 main peaks were positioned at
the recommended BE values of 83.98, 368.26 and 932.67 eV,
respectively.!”

The survey spectra were recorded in the BE range
0-1400 eV at a constant pass energy of 100 eV and step
size of 0.1 eV. The angle-resolved spectra of Al 2p and O 1s
photoelectron lines were measured in the BE ranges 65-80
and 525-540 eV, respectively, with a pass energy of 100 eV
and a step size of 0.1 eV.

Charge compensation of the insulating «-Al,O3 specimen
during the XPS analysis was achieved by irradiation of
the sample surface with a diffuse beam of low-energy
electrons (kinetic energy = 3 eV; emission current ~35 pA)
using a flood gun equipped with an LaBs cathode. The
flood gun was operated at the lowest possible temperature
(~1200 K) to minimize the thermal energy spread within the
incident electron beam. Optimum charge compensation was
achieved by tuning the flood gun settings to obtain the most
symmetrical and narrow-shaped oxidic Al 2p main peak
possible from the insulating a-Al,O5 specimen.

The averaged value (and corresponding standard devia-
tion for the ARXPS spectra recorded at the various emission
angles; see above) for the BE position and full width at
half-maximum (FWHM) of the oxidic Al 2p main peaks
of the a-Al,O; reference correspond to 70.52 +0.05 and
1.86 = 0.05 eV, respectively. The corresponding values for
the BE position and FWHM of the O 1s main peak of
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the a-Al,Os reference are 527.27 +0.04 and 2.16 = 0.12 eV,
respectively. This results in an average value (and standard
deviation) for the Al-O binding state parameter Exj_o (O 1s
BE—AI 2p BE) for a-Al,O3 of 456.75 & 0.02 eV. Note that the
value of Ej_o is independent of the incident photon energy,
reference level and charging effects (cf. Ref. 4). The value of
Eai-o obtained for a-Al,Oj5 in the present study is in excel-
lent agreement with the corresponding value of 456.76 eV
reported in Ref. 18.

The total PZL intensities (cf. Ref. 5) of the oxidic Al 2p
and O 1s main peaks as a function of detection angle « were
resolved from the corresponding ARXPS spectra recorded
from the a-Al,O; reference as follows. First, all measured
Al 2p and O 1s spectra were corrected for the electron
kinetic energy-dependent transmission of the hemispherical
analyser of the spectrometer by adopting the corresponding
correction factor as provided by the manufacturer (see
above). Next, the relatively small background of inelastically
scattered electrons in the BE regions of the Al 2p and O 1s
main peaks was removed by subtraction of a Shirley-type
background in the BE ranges of the main peaksi.e. 69-79 and
from 525-538 eV, respectively. The total oxidic Al 2p and O
1s PZL intensities were taken to be equal to the integrated
area under the corresponding background-corrected main
peaks.

RESULTS AND DISCUSSION

The O 1s to Al 2p relative sensitivity factor (RSF) Sois/ar,
for the a-Al,O; reference is defined as (see section on RSF in
binary solids)

2 I3 _ o oW for)
3 I./OXQIZp )V?\flfgp O-AIZpW(w» ﬁAlZp)

Ao oot QoisW(Y, B
Mapy oAy QanpW(Y, ﬁf{fzp)

The value of Sois/a1p determined from the total Al 2p and
O 1s PZL intensities resolved from the measured ARXPS
spectra of the a-Al,O3 specimen (and adopting the known
Al/O atomic ratio of 2: 3) is plotted as a function of detection
angle o and angle v in Fig. 2. Note that because the ARXPS
measurements were recorded in parallel data acquisition
mode, a change in detection angle « is accompanied by a

Sots/A2p =

(7)

corresponding change in angle i between the directions of
the incident x-ray beam and the detected photoelectrons (see
Introduction).

Evidently, the values of Soy5/a12, Obtained increase with an
increase of the interdependent angles « and v, i.e. the value
for Sois/any is at a maximum (minimum) for the grazing
(near-normal) angles of « with respect to the sample surface,
corresponding to a large (small) ¢ between the directions of
the incident x-ray beam and the detected photoelectrons (see
Fig. 1). Note that for a similar series of ARXPS measurements
performed in a conventional XPS set-up (i.e. ¥ is a constant
fixed at the magic angle, and detection angle « is varied by
tilting the sample), the RSF So1s/a12p would be independent
of the detection angle a(in the absence of elastic electron
scattering and photoelectron diffraction effects within the
solid; see Theory section).
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Figure 2. The relative sensitivity factor (RSF) So1s/a2p for
a-AloO3 versus interdependent angles « (bottom x-axis) and
(top x-axis) (see Fig. 1). The terms So1s/aip[W (¥, Baizp)/

W(. fors)] and Sots;azp { Qaep/QotsIW (W A5,/

W, ﬂgﬁ;s)]} are also plotted as a function of interdependent
angles o and ¢ (see text for details).

As discussed, the observed change in the RSF with the
interdependent angles « and  (in parallel data acquisition
mode) is due to the combined effects of the anisotropies of
the photoionization cross-sections and the elastic scattering
of the detected photoelectrons within the solid. In this case,
the relative difference between the intrinsic anisotropies
of the Al 2p and O 1s photoionization cross-sections
is expressed in Eqn.(7) by the asymmetry factor ratio
W, Bows)/W(, Bary), the value of which depends only
upon the angle v (see Eqn. (3a)). The relative difference in
elastic (and inelastic) scattering of the detected O 1s and
Al 2p photoelectrons within the solid, on the other hand, is
expressed in Eqn. (7) by the EAL ratio Ag‘ls / A%zp, the value of
which depends mainly on the detection angle « (due to the
dependence of the corresponding Q factors on the angle «;
see Eqns (4a)—(4d)).

To investigate the effect of the intrinsic anisotropies of the
Al 2p and O 1s photoionization cross-sections on the angular
dependence of the RSF, the value of So1,/a1 is divided by the
asymmetry factor ratio W(y, Bo1s)/W (¥, Bary) (see Eqn. (7))
and plotted as a function of the interdependent angles «
and v in Fig. 2. All data used for calculation of asymmetry
factors W(¥, Bors) and W(¥, Bapy) (using the appropriate
expressions given in the Theory section), as well as their
resulting values, are reported in Tables 1 and 2, respectively.
Evidently, the value of Sois/anp[W(W, Bary)/W (¥, Bois)] is
nearly constant over the angular detection range of 40-80°
(corresponding to a  range of 56-91°). This implies that
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Table 1. Physical constants used for calculations of the
effective asymmetry parameters (82), the Q factors and the
effective attenuation lengths (1°ff)

Constant Value Units  Ref.
Density of a-Al,O3 3.99 x 10° g m~3
Molecular mass of a-Al,O3 101.961 g mol ™!
Bandgap of a-AlO;3 8.7 eV 19
Asymmetry factor:

Bany 0.93 7

,3015 2.00
Kinetic energy: Al 2p 1416.16 eV
photoelectrons

O 1s photoelectrons 954.41 eV
Inelastic mean free path:

My 3.257 nm 20

Aots 2416 nm
Transport cross-sections:

0w, aAl(KE = 1416.16 €V) 6.93 x 1072 m? 21

04.0(KE = 1416.16 eV) 3.25 x 1072 m?

o Al(KE = 954.41 eV) 12.49 x 1072 m?

o.0(KE =954.41 V) 6.13 x 10~22 m?2

Transport Mean Free Path:

A1y 17.98 nm

A8 9.78 nm
Single scattering albedo:

N 0.153

®O1s 0.198

the variation of the RSF over this angular range is, to
a first approximation, solely determined by the relative
changes of the intrinsic anisotropies of the Al 2p and O
1s photoionization cross-sections with .

Nevertheless, the value of Sous/apy[W(, Bary)/ W,
Bois)] shows a small, but distinct, increase with decreas-
ing angles for the near-normal detection range (i.e. within
the ranges 25° < « < 40° and 45° < < 56°; see Fig. 2), indi-
cating that an additional factor is responsible for the variation
of Sois/a, Within this angular range. To investigate whether
the variation of the RSF within this near-normal detection
range is to some extent caused by differences in elastic scat-
tering of the detected Al 2p and O 1s photoelectrons, the

term  Soi/Alp {(QAup/Qms)[W(w, B, ) /W, /38{5)1} (see
Eqn. (7)) is plotted as a function of angles o and v in Fig. 2.
All data used for calculation of the effective asymmetry
factors and Q factors (using the appropriate expressions
given in the Theory section), as well as their resulting val-
ues, are reported in Tables1 and 2, respectively. Indeed,
the value of Sor,/ay { (Qaizy/ Qi)W (W, Blh,)/ W BN},
which incorporates the combined effects of the anisotropies
of the photoionization cross-sections and elastic scattering,
is approximately constant over the near-normal detection
range (i.e. 25° < o < 40° and 45° < ¥ < 56°; see Fig. 2). This
confirms that the variation of the RSF over this angular range
is indeed, to some extent, also determined by differences in
elastic scattering of the Al 2p and O 1s photoelectrons.

It should be noted that the value of the RSF in the grazing
detection angle range of, say, « > 70°, will be affected by
small deviations from stoichiometry at the a-Al,O; surface
(due to preferential sputtering effects upon cleaning; see
Experimental and Data Evaluation). On the other hand, even
for 10% deviation in the oxide stoichiometry, the changes in
the corresponding asymmetry- and Q factors are negligible.

As discussed earlier, the effect of elastic scattering of
the detected photoelectrons on the observed PZL pho-
toelectron intensity is two fold: it affects the intrinsic
anisotropy of the photoionization cross-section, as described
by the reduction of parameter B4x, to an effective asym-
metry parameter B5% ; and it affects the overall escape
probability of the emitted photoelectrons, as described by
the weak correction factor Qax,. The separate contribu-
tions of these two elastic scattering parameters to the
observed variation of the RSF Sois/ap, with @ and ¢ are
expressed by the corresponding values of Qaip/Qois and
(W, B3/ W, BEIOIIW (W, Bors)/ WY, Bany)]- The values
for these two terms are plotted as a function of angles «
and ¥ in Fig. 3. Clearly, their contributions to the result-
ing value of Sois/ap, are very small, ie. up to 3%, with
the effect of elastic scattering on the relative difference
in anisotropies of the photoionization cross-sections (i.e.
the term [W(y, B, )/ W BEIWW. Bor)/W (W, Bany)])
being more pronounced. Moreover, it can be concluded
from Fig. 3 that the relative differences between the Al 2p
and O 1s elastic scattering parameters (i.e. 8 and Q), can-
cel out to some extent in the near-normal detection range

Table 2. Calculated values of the Chandrasekhar functions (H(x, »); see Ref. 15), the effective asymmetry parameters (87, the Q
factors and the effective attenuation lengths (1¢ff) as a function of interdependent angles « and v (see Fig. 1)

Aeff )\eff

Al2p Ols
a(’) ¥ (%) H(cosa, wanp) H(cos o, wozs) ﬂeAflfzp Bt Qanzp Qors (nm) (nm)
26.75 45.86 1.0564 1.0751 0.8097 1.6639 0.9725 0.9639 3.2154 2.4438
34.25 51.71 1.0550 1.0732 0.8110 1.6682 0.9709 0.9615 3.1767 2.3544
41.75 57.84 1.0532 1.0706 0.8126 1.6736 0.9689 0.9584 3.1418 2.2889
49.25 64.17 1.0507 1.0673 0.8148 1.6803 0.9663 0.9546 3.1114 2.2408
56.75 70.62 1.0474 1.0629 0.8176 1.6886 0.9630 0.9498 3.0851 2.2050
64.25 77.16 1.0430 1.0569 0.8213 1.6992 0.9588 0.9439 3.0618 2.1779
71.75 83.75 1.0370 1.0488 0.8262 1.7131 0.9530 0.9362 3.0401 2.1563
79.25 90.37 1.0281 1.0370 0.8333 1.7326 0.9449 0.9257 3.0168 2.1367

Values are calculated from appropriate expressions as given in the text and employing the data listed in Table 1.

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 3. Calculated values of [W(y, S5, )/W (¥, BZ1o)]

W, Bo1s)/W (¥, Baizp)] and Qo1s/Qaizp for a-Al2O3 as a
function of interdependent angles o (bottom x-axis) and v (top
x-axis) (see Fig. 1). The term [W (v, ﬂzﬁfzp)/W(l//, ﬂgﬁs)]

W, Bo1s)/W (¥, Baip)] is @ measure of the effect of elastic
scattering on the anisotropy of the intrinsic photoionization
cross-section, whereas the term Qo1s/Qaip describes the
effect of elastic scattering on the overall escape probability of
the detected photoelectrons (see text for details).

(i.e. 25° < a < 40° and 45° < ¢ < 56°). Consequently, the
effect of elastic scattering on the absolute value of the relative
sensitivity factor is more pronounced for detection angle
o > 40°.

It can be concluded that, for recording of ARXPS
spectra in parallel data acquisition mode the observed
variation of the RSF with the interdependent angles « and
Y can be ascribed fully to the combined effects of the
anisotropies of the photoionization cross-sections and the
elastic scattering of the detected photoelectrons within the
solid. For quantitative analysis of ARXPS spectra recorded
in parallel data acquisition mode, it is therefore essential to
apply the correct RSFs for each angular range concerned.

As an example, for the errors introduced in quantification
when these effects are ignored, determination of the
composition of the measured «-Al,O; reference (with a
known O/Al ratio of 3:2) is considered (see Fig.4). The
composition of the measured oxide reference, expressed as
the oxygen to metal ratio, is calculated from (cf. Eqn. (7))

Co I3V 1

Car I3, (e, ¥) . Sots/anp(a, ¥)

8)

where I (o, ¥), Ifflzp(oc, ¥) and Sois/anp(e, ¥) denote the
resolved O 1s PZL intensity, the resolved Al 2p PZL intensity
and the corresponding experimentally determined RSF for

Copyright © 2004 John Wiley & Sons, Ltd.
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Figure 4. Error in the calculated composition (i.e. O/Al ratio) of
a-Al, O3 as a function of interdependent angles « (bottom
x-axis) and v (top x-axis) that was introduced when adopting a
single value for the relative sensitivity factor Sp1s/ai2p
(o = 41.8°, y = 57.8°) (i.e. close to the magic angle of
Y = 54.74°; see text). The straight line along the ordinate
indicates the correct O/Al ratio for a-AloO3 of 3:2 that would
be obtained when accounting for the effects of anisotropy of
the photoionization cross-section and elastic scattering of the
detected photoelectrons within the solid (see text for details).

N
(3]

a given set of angles o and  respectively. Figure 4 shows
the percentage error introduced in the calculated values of
the composition versus angles « and ¥ when not taking into
account the effects of anisotropy of the photoionization cross-
section and elastic scattering, i.e. when adopting a single
value for the RSF taken to be equal to the experimentally
determined sensitivity factor Sois/ap, (@ = 41.8°, ¢ = 57.8°)
(i.e. close to the magic angle of ¢ = 54.74°). Clearly, when
ignoring the effects of anisotropy of photoionization cross-
section and elastic scattering, the magnitude of error induced
in the compositional analysis of the ARXPS spectra recorded
from binary solids in parallel data acquisition mode can be
as high as 16%. Here, it should be noted that the contribution
of elastic scattering to the introduced error is relatively
small. By adopting values for the RSFs as a function of
angles « and  determined experimentally from a reference
solid of known composition, cumbersome corrections for the
effects of the anisotropy of photoionization cross-section and
elastic scattering can be avoided, e.g. for quantitative analysis
of solids and thin-film structures of unknown composition
and/or thickness.

CONCLUSIONS

For quantitative analysis of ARXPS spectra recorded in
parallel data acquisition mode, it is essential to account for
the anisotropies of the photoionization cross-sections of the
concerned elements in the solid due to variation of angle v
between the incident x-rays and the detected photoelectrons.
The effect of elastic scattering on quantitative analysis of

Surf. Interface Anal. 2004; 36: 1629-1636
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the ARXPS spectra, as described by the effective asymmetry
parameter 8¢ and the correction factor Q, is relatively small
(the effect being most pronounced in the grazing incidence
angle range).

By adopting values for the RSFs of the concerned
elements in the solids as a function of interdependent angles
a and ¥, cumbersome corrections for the effects of the
anisotropy of the photoionization cross-section and elastic
scattering can be avoided, e.g. in the quantitative analysis of
solids and thin-film structures of unknown thickness and/or
composition. Values for the RSFs as a function of angles o and
¥, which incorporate the combined effects of the anisotropies
of the photoionization cross-sections and elastic scattering,
can be determined easily from ARXPS measurements of
reference solids of known composition.
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