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The significance and applications of photoelectron and Auger spectroscopy excited by hard X-rays as well
as spectroscopy of backscattered electrons induced from solids (2-10 keV) are discussed including necessary
conditions for high energy resolution experiments, methods available for interpretation of experimental dataand
recent results of potential importance in chemical analysis of surface, bulk and interface layers.

1.Introduction

High energy resolution spectroscopy of electrons excited
by hard (2-10 keV) X-rays or high energy (up to 10 keV)
electrons from embedded clusters, nanostructures, buried
interfaces in the case of materials of high practical impor-
tance has experienced a widespreadly growing interest re-
cently. The rapid development of experimental technique
and theoretical modelsin thisfield in thelast decades makes
now possible studies of fine details of electronic, chemical
and physical structure of these systems, identifying and
utilizing effects of condensed environment on atomic tran-
sitions.

Using high energy photons and electrons for excitation,
in the respective electron spectra contributions from sur-
face effects can be decreased and the information depth can
attain several timesten nm. As a consequence, high energy
resol ution experiments can provide a new insight into the
spatial distribution of chemical components aswell astheir
chemical structure near buried interfaces and nanostructures.
Such away information can be obtained on the local elec-
tronic structure surrounding selected atoms (having a key
importance from the point of view of certain requested func-
tions of the given materia) in the bulk region of solidsor e.g.
on the process of charge transfer between components of
binary alloys. Combining hard X-ray induced photoel ectron
spectroscopy (HAXPES) with high energy resolution spec-
troscopy of electrons (having energies similar to those of
the respective photoelectrons excited by hard X-rays)
backscattered from solids, quantitative information can be
gained on local chemical and electronic structures evenin
the case of complex materials.

In particular, in spite of the fact that the atomic subshell
photoionization cross sections are strongly decreasing with
increasing photon energy (e.g. in the case of the 1s core
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level the difference is two orders of magnitude comparing
the maximum cross sections for atomic number 12 and 84
[1]), with the advantage of brighter synchrotron radiation
sources (providing tunable, monochromatic and collimated
hard X-ray beams), carefully designed electron optics of the
electron spectrometers and multienergy detection, HAXPES
has a very promising perspective.

Changing the energy of the exciting photons allows vary-
ing the information depth and makes possible to avoid the
overlap of photoelectron and Auger spectraand to minimize
the contribution of inelastically scattered el ectrons — origi-
nated from higher energy Auger transitions — to the back-
ground under the photoel ectron peaks. The magnitude of
surface effects in the electron spectra can be varied in a
great extent as afunction of the photon energy opening the
way for obtaining experimental datadominated by bulk prop-
erties. Electron energy loss spectra observed using differ-
ent primary €electron beam energies help to separate surface
and bulk scattering [2,3]. This separation is expected to be
lessambiguous (i. e. interferences between surface and bulk
excitations are expected to have asmaller role) in the case of
high primary e ectron energies. Therefore, HAXPES can give
accurate information on bulk properties of materials, impor-
tant for their practical applications. Utilizing thefinetunability
of the exciting photon beam, resonant studies can be per-
formed near the core level absorption edges [4], revealing
the local density of unoccupied electronic states around
component atoms in the bulk. Valence band XPS spectra
excited by high (5-15 keV) energy photons reflect the den-
sity of bulk electronic states weighted by the respective
transition matrix elements [5]. Due to the fact, that elastic
scattering is more forward peaked for high energy electrons,
the linear trajectory model isamore accurate estimation for
electron transport, than in the case of the conventional XPS
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[5,6]. This can be advantageous in quantitative interpreta-
tion of emission angle resolved spectra containing informa-
tion on the concentration depth distribution of chemical
speciesin near surface or interface layers|[6].

In the case of smooth and flat surfaces, HAXPES can
provide extreme surface sensitivity as well, using grazing
photon incidence (below the critical angle for total reflec-
tion) [4]. The probing depth depends very sensitively on
the small (afew mrad) changes in the photon angle of inci-
dence and the X-ray penetration depth comparable to the
mean free path for inelastic electron scattering ensures this
high surface sensitivity even at high energies of emitted
electrons. The inelastic background is strongly suppressed
in such photoelectron spectra [6].

Buried interfaces can be very effectively studied using
the X-ray standing wave (XRSW) excitation by hard X-rays.
XRSWs are generated by Bragg reflection from crystals or
multilayers. Combining thistechniquewith high energy reso-
lution HAXPES, unique information can be gained on local
electronic and physical structures and their spatial distribu-
tion[7].

Auger transitions between deep core atomic levels can
be excited from solids using laboratory equipment as well,
applying characteristic X-rays close to the photoionization
threshold of the deepest level participating in the transition.
The near-threshold Auger production cross section values
are more than one order of magnitude higher than the re-
spective values for electron-induced ionization and this dif-
ference approaches two orders of magnitude for elements
having atomic numbers around 30 [8]. Continuous energy
distribution X-rays can also be used for exciting such Auger
electrons utilizing the photons available at energies higher
than this threshold [8]. A recent work [9] proposes a hovel
X-ray source with W/Cu target for providing at least one
order of magnitude higher X-ray intensities than those of
existing commercial high power X-ray sources. Although
standard methods for energy, resolution and efficiency cali-
bration of electron spectrometersin the high energy range
are not available yet, potentially useful methods are pro-
posed in Ref. [10].

From accurate measurement of atomic environment in-
duced energy shifts of deep inner-shell photoelectron lines
and the corresponding Auger pesks (Auger parameter shifts),
information can be derived on the local e ectronic structure
of solids, e. g. on the charge transferred between compo-
nents of binary alloys [11]. For attaining a high accuracy,
analysis of deep core transitions are needed because the
Auger parameter concept isvalid strictly only in this case.

The purpose of the paper is to give an insight into a
recently fastly developing field, the high energy and high
energy resolution electron spectroscopy, using example re-
sultsfor illustration.

2. Methodsof experiment and inter pr etation
2.1 Methodsof experiments

For high energy XPS and XAES experimentswe used our
home built ESA-31 spectrometer [12] in Debrecen and the
Tunable High-Energy (THE) X PS equipment of HASY LAB/
DESY [13] in Hamburg, at the BW2 synchrotron beamline.

Thelaboratory ESA-31 instrument hasa 180° hemispheri-
cal deflector energy analyzer (250 mm working radius) which
providesreative AE/E energy resolution in therange of 10° —
10°% for electrons having energies (E) from 20 eV to 10 keV.
Two twin anode X -ray tubes serve as exciting photon sources
(AlKo,AgLo, MoLa, CuLa, CuKo, Cuand Mobremsstrahl-
ung radiation, max. 30 keV).

The THE equipment is operating at the BW2 synchro-
tron beamline, using adouble crystal (Si(111), Si(220) and
Si(311)) monochromator, ensuring 5x10*2 photons on the
sample in the 2.3-10 keV photon energy range. For energy
analysis of photoexcited electrons a SCIENTA SES-200
hemi spherical analyser is used, focusing electronsup to 5
keV (with sample bias: up to 7.5 keV). The overall energy
resolution of the system is 0.2-0.5 eV. Samples can be pre-
pared in situ using Ar* sputtering or e-beam evaporation,
the structure of ordered samples can be in situ monitored
during sample preparation with abuilt-in LEED unit.

Elastic Peak Electron Spectroscopy (EPES) and Reflec-
tion Electron Energy L oss Spectroscopy (REELS) studies
are performed using the ESA-31 spectrometer equipped with
twodectrongunsof VG LEG 62 (5keV, 130° scattering angle)
and Kimball Phys. EMG-14 (10 keV, 90° scattering angle)

types.

2.2 Methodsof inter pretation

For interpretation of the experimental data calculations
are performed using various models.

Modeling contributions of electron scattering to the spec-
trawe use the QUA SES-REEL S method and software [14]
developed by Tougaard, the Partial Intensity Analysis (PIA)
method [15] elaborated by Werner and the semiclassical di-
electric response model of Yubero and Tougaard [16] for
describing spectral shapes and cross sections for inelastic
electron scattering (XPS, XAES).

For modeling contributions from local electronic struc-
tures, cluster-approximations are applied: the Discrete Varia-
tional Xo.[17] cluster molecular orbital and the Discrete Varia-
tional MultiElectron (DVME) [18] models. Initial state exci-
tation processes are approximated by the model of Thomas
[19]. Describing resonantly excited Auger peak shapes, the
model of Drube developed for resonant inelastic photon-
atom scattering [20] is used. Recail effectsin EPES spectra
are simulated by Monte Carlo calculations[21,22].
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3. Case studies—somer ecent resultspotentially inter est-
ing for surface/interface chemical analysis
3.1 High energy XPS

A key issuein the quantitative interpretation of core pho-
toelectron and Auger spectrais the identification and sepa-
ration of contributions appearing as a consequence of sud-
den creation of theinitial core hole (intrinsic excitations)
from contributions attributable to energy losses of electrons
during transport within the solid (extrinsic excitations).

In the case of Ge core photoelectron and Auger lines are
accompanied by intense series of plasmon satellites. There-
fore the accuracy of the determination of peak intensities
can depend significantly on the estimated share of intrinsic
type contributions (representing integral parts of the photo-
or Auger peaks).

Ge 1s and 2s photoel ectron spectra were excited from
polycrystalline Ge layers of 100 nm thicknessusing the THE
XPSfacility of HASYLAB [13]. The photon beam energy
was11.75keV (Ge 1s) and 8 keV (Ge 2s), the angle of photon
incidence was 45° and the angle of photoel ectron emission
was 0° related to the surface normal [23].

The experimental spectrawere analyzed with three differ-
ent models.

Thesimplest, Hiifner model [24] describesthe normalized
intensity Ip(n)/l0 of the nth plasmon peak as[23]:

I (n-12)

L _ (b"/n)+a->
|0 |0
where b and a are fitting parameters associated with intrin-
sic and extrinsic excitations, respectively. Including a
Poissonian statistics term for surface excitations, the modi-
fied model leadsto [23]:

ﬂ =( ”/n!)+a ! p(n—l) +(c”/n!)
I 0 0
with ¢ standing for afitting parameter connected with sur-
face plasmons.

Applying the modified Hifner model, the shape of the
primary photoel ectron peak was approximated by an asym-
metric Doniach-Sunjic function convolved by a Gaussian,
while the shapes of the plasmon satellites were derived by
successive convolutions with the energy loss function de-
rived from optical data[23].

The PIA model [15] describes the emitted spectrum Y(E)
as[23]:

Y(E) =33 Y Corn Fonn (E)

n=0n,=0n;=0

where the C, partial intensities—i. e. the number of the
particles participating n timesin the i type of loss process,
are derived by Monte Carlo simulation [25] of the elastic
scattering while the corresponding partial energy loss dis-

tributions F , . (E) are obtained convolving the primary

peak by energy loss functions of the individual processes
[23]. Assuming the same energy loss functions (derived from
optical data) for extrinsic and intrinsic excitations and using
an iterative procedure [25] the contributions of bulk and
surface excitationswere diminated | eaving theintrinsic spec-
tra

The dielectric response model [16] assumes a constant
electron velocity and a stationary hole created in a semi-
infinite medium. From the dielectric function (derived from
optical data or from analysis of REEL S spectra) the model
calculates the charge density induced by €lectron transport
or photoexcitation, and the energy loss caused by the in-
duced field acting on the moving electron. The simulated
spectrum F(E) includes only the first inelastic scattering:

J(E) o< cog6) F(E)+IdE'F(E')/1KSC(EO, E'-E,6)

where F(E) isthe primary spectrum, K_ the path integrated
effective cross section for inelastic scattering, 8 the angle of
emission; E, the primary electron energy and A the inelastic
mean free path.

In spite of describing only the single-loss process, the
dielectric response model yieldsareasonable agreement with
theexperimental Ge 1sspectrum[23]. Inthe case of the Ge 2s
spectraall the three —i.e. the modified Hufner, the PIA and
the diel ectric response models- were compared with the ex-
perimental data. For illustration, Fig. 1 shows the compari-
son of the simulated spectra obtained using the modified
Hufner model and the measured Ge 2s spectrum excited by
8000 eV photons [23]. Regarding the full spectrum, simu-
lated by the dielectric response model the agreement isvery
good, similarly to the case of the modified Hifner and the
PIA models [23]. However, contributions from the second
and further plasmons would modify the simulated spectrum
beyond the first plasmon peak. The three models strongly
differ concerning the predicted ratio of the intensities of
intrinsic contributions to the total satellite peak intensity.
The modified Hifner and the PIA modelsyieldasimilar, ~ 0.2
valuefor thisratio, while the dielectric response model gives
aratioof ~0.4[23].

It should be noted, that within the applied versions of the
modified Hufner and the PIA models, the shapes of the en-
ergy loss functions are derived from optical data and the
same shapeisassumed for intrinsic and extrinsic excitations.
In addition, the coupling between the surface and bulk, as
well asthe extrinsic and intrinsic excitations are neglected.
Thisisdifferent for the diel ectric response model, where the
shape of the energy loss functions differ for electron and
core hole induced losses and couplings between various
excitations are accounted for in the calculations.

The results mentioned above demonstrate the signifi-
cance of theissue of estimating the share of intrinsic excita-
tions in accurate determination of peak intensities. Further
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Fig. 1. The experimental Ge 2s photoel ectron spectrum excited by X-rays of 8 keV energy from a Ge layer of 100 nm thickness, in
comparison with the spectrum calculated using the modified Hif ner model.[23]. (Reproduced with permission from John Wiley & Sons

Limited.)

studies are needed for clarifying the validity of the physical
assumptions of the different approximations.

Thekinetic energy dependence of intrinsic plasmon exci-
tation was studied in the case of Si 1s photoel ectrons ex-
cited by 3000 eV and 5500 eV photonsfromaSi (111) single
crystal at 45° emission angle [26]. The dielectric response
model predicted an appreciable increase of the normalized
plasmon intensity with increasing photon energy, in agree-
ment with the experiment, as a consequence of the decrease
in screening of the core hole in the case of the faster photo-
electron[26].

3.2High energy XAES

Intense plasmon satellites occur in the core Auger spec-
tra of Ge aswell. Earlier works on Ge KLL Auger spectra
induced by photons from thin films[27] or emitted from ra-
dioactive sources following electron capture [28] attributed
these satellites to inelastic electron scattering. For estimat-
ing the role of intrinsic excitations accompanying the KLL
Auger processesin Ge, the KL L, spectra, induced from
polycrystaline Gefilmsof 100 nm thicknesswere measured
with an energy resolution of 2.6 eV (at 8.5 keV €electron en-
ergy) using bremsstrahlung radiation and the ESA-31 spec-
trometer [29]. Inelastic background correction was performed
using the method of Tougaard [14] and applying the cross
section for inelastic electron scattering [30] derived from
REEL S spectra obtained from the same sample with primary
electron energy of 8 keV. The REEL S spectra were domi-
nated by an intense series of plasmon peaks and the energy

separation between the first plasmon peak and the elastic
peak ( 16 €V) was found to agree well with the satellite —
main ‘D, peak energy separation (15.7 eV) in the photoin-
duced KL,L,, Auger spectra[29]. On the basis of atomic
calculations and the “ excited atom model” for screening [31]
the assignment of the Auger satellite as due to initial state
shakeup excitation, can be ruled out. This confirmsthat the
origin of the satellite is attributable to plasmon creation.
Following correction for inelastic background, a significant
portion of the satellite intensity remained [29] indicating the
presence of contributionsfrom intrinsic plasmon excitations.
For modeling these excitations, the diel ectric response model
[16] was used, calculating the effective cross sections for
core-hole (assuming two holes corresponding to the two
final state core holes of the Auger process) potential in-
duced intrinsic losses as well as for electron transport in-
duced extrinsic losses. Convolution of the path integrated
intrinsic, extrinsic and total effective cross sections by a
model L orentzian representing the primary peak leadsto the
respective simulated spectra. In Fig. 2 the comparison be-
tween the measured Ge KL L, spectrum (corrected remov-
ing a smooth integral background for making the compari-
son easier) and the simulated spectrum obtained using the
dielectric response model [29] is shown.

The agreement is quite reasonable, in spite of that the
mode! describes only asingle loss and the 'S diagram Au-
ger peak is not considered in the simulated spectrum. For
deriving the share of intrinsic excitations in plasmon cre-
ation, the probability that the energy loss of the electrons
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Fig. 2. The experimental Ge KL _,L . Auger spectrum excited by
bremsstrahlung from aGelayer of 100 nm thickness, in comparison
with the spectrum calculated using the dielectric response model
of Yubero and Tougaard [29]. (Reproduced with permission from
Elsevier))

appearing in the plasmon satellite peak was caused by in-
trinsic or extrinsic excitations was determined by fitting the
main ‘D, diagram Auger peak and the plasmon peak by asym-
metric Lorentzians in the measured and in the respective
(hole, electron or total) simulated model spectra. Theratio of
the intensity of the respective plasmon peak to the intensity
of the main peak was defined as the intrinsic, extrinsic or
total plasmon excitation probabilities. To obtain the theo-
retical value for the share of intrinsic plasmon excitations,
first the effect of electron transport, i. e. the path length
integrated effective inelastic cross section describing elec-
tron induced energy losses, was used and the correspond-
ing simulated spectrum reflecting extrinsic plasmon losses
was calculated. Then, thetotal plasmon peak was simulated
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by taking into the account in addition the effect of the re-
maining core holes in the effective inelastic cross section.
Considering that the total plasmon excitation probability is
the sum of theintrinsic and extrinsic plasmon excitation prob-
abilities, the share of intrinsic excitation was derived from
the evaluated plasmon intensities [29]. It should be noted
that in this approximation the coupling between extrinsic
and intrinsic excitations was neglected when estimating the
intrinsic share. From these the theoretical intrinsic sharewas
found to be 40 %. Thisresult is consistent with the estima-
tion of the dielectric response model in the case of the Ge 2s
spectrum [24]. The experimental intrinsic share was obtained
from the evaluated plasmon intensity, fitting the integral
background corrected Auger spectrum (the total plasmon
intensity containing contributions from both extrinsic and
intrinsic excitations) and from the plasmon intensity fitting
the plasmon peak remained after inelastic background cor-
rection using REEL S cross section for inelastic scattering
(the plasmon intensity containing contributions only from
intrinsic excitations) [29]. Theratio of these plasmon inten-
sities, the experimental intrinsic share was found to be 31 %
[29], inagood agreement (withinthe experimental error) with
the estimation of the dielectric response model.

While the dielectric response model describes the first
intrinsic plasmon excitation, the analysis of the complete Ge
KL,,L, spectrum indicates[32] that accounting for the sec-
ond intrinsic plasmon and assuming a Poissonian distribu-
tion for intrinsic plasmon intensitiesis necessary for achiev-
ing a consistency with atomic cal culations and with the Ge
KLL spectraemitted from very thin radioactive samples[28].
In Fig. 3. the decomposition of a photoexcited Ge KL L,
spectrum is shown, after inelastic background correction
using REELS cross section for inelastic el ectron scattering
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s bk proanxl
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Fig. 3. Decompositon of the Ge KL

23L 23

Auger spectrum (shown in Fig. 2), accounting for multiple plasmon excitations.
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[33].

Although the effect of solid environment on photoexcited
deep core Auger spectrais very significant as demonstrated
above, the multiplet splitting of the Auger transitions show
only anegligible solid state effect. In the case of 3d transi-
tion metals the energy splittings of the KLL Auger multip-
lets were calculated for free atoms and metal clusters using
amany electron method based on configuration interaction
and fully relativistic molecular orbital theory [34]. The ob-
tained multiplet splittings between the °P, (KL L) and 'S,
(KL,L,) terms are smaller for metal clustersthan for free at-
oms by about 0.2 €V only and the calculated multiplet ener-
giesare closeto the recent experimental values[34].

3.3Highenergy REEL S

Experimental high energy resolution REEL S spectrain-
duced by energetic el ectrons are important from the point of
view of correct interpretation of high energy (2-15keV) pho-
toelectron or Auger electron spectraexcited by hard X-rays.
In Fig. 4 the REEL S spectrum obtained from a polycrystal -
line Ge film of 100 nm thickness using a primary electron
beam of 8 keV energy (closeto thekinetic energy of themain
'D, line of the Ge KL L, Auger spectra) [29] can be seen.
The angle of the incident primary electron beam was 50°,
while the angle of emission of the detected scattered elec-
tron beam was 0° rel ative to the surface normal of the sample.

The spectrum is dominated by the intense series of plas-
mon |oss peaks, attributable to multiple plasmon excitations.
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Fig.4. REELS spectrum of aGefilm of 100 nm thicknessinduced
using primary electrons of 8 keV energy [29]. (Reproduced with
permission from Elsevier.)

At the higher kinetic energy side of thefirst plasmon peak, a
shoulder appears as a consequence of the presence of sur-
face plasmon excitations indicating that even in the case of
such a high energy electrons, the role of surface excitations
induced by the primary or scattered electrons when cross-

ing the surface is non-negligible. From analysis of the ex-
perimental REEL S spectra cross sections for inelastic scat-
tering of electronslosing energy through bulk and surface
excitations, can be derived. Employing the recursion for-
mula of Tougaard and Chorkendorff [35] based on the P1
approximation to the Boltzmann equation, the effects of
multipleinelastic scattering can be removed from the REELS
spectra and the cross section for inelastic electron scatter-
ing can be obtained. At high primary electron energy —where
surface effects have smaller contributions - this procedure
yields inelastic cross sections comparable to those calcu-
lated using the Lindhard-Ritchietheory [30]. A recent method
of Werner [3] is based on the simultaneous deconvolution
of two experimental REEL S spectra measured in different
experimental conditions (primary beam energy or geometri-
cal configurations), using an algorithm for reversion of a
bivariate power seriesin the Fourier spaceto yield an unique
solution providing the normalized differential mean free path
for inelastic electron scattering (DIIMFP) and the normal-
ized differential surface excitation probability (DSEP).
DIIMFP and DSEP functions derived from simultaneous
deconvolution of REEL S spectra measured using 1 and 3
keV primary electron beams in the case of Fe, Pd and Pt
surfaces [3] show a quite reasonable agreement with the
dielectric theory of Tung [36]. Analyzing two REEL S spectra
taken at different primary electron energies and varying the
parameters which describe a dielectric function until agood
agreement is reached between the experimentally derived
and theoretical inelastic cross sections, the accurate dielec-
tric function of the material can be obtained [2,37]. Thenthis
dielectric function can serve as an input to the dielectric
response model [16] for smulating XPS or Auger lineshapes
[2).

Surface excitation parameter (SEP) isanimportant param-
eter for describing surface excitations. SEP is the average
number of surface excitations occurring at a single surface
crossing by aprimary or scattered electron. The probability
of the multiple surface excitationsis assumed to be described
by a Poissonian distribution. As a consequence, the SEP
determines the probability of agiven number of surface ex-
citations. Applying a new method based on the elimination
of multiplebulk inelastic el ectron scattering fromthe REELS
spectra by the help of a deconvolution procedure using
partial intensities and partial energy losses, the differential
surface excitation probability can be retrieved [38]. DSEPs
and SEPsweredetermined from experimental REEL Sspectra
using this new method in the case of Si, Ni, Ge and Ag
surfaces and 0.2-5 keV primary electron energy [39]. The
angle of theincident el ectron beam was 50°, while the angle
of the detected scattered electrons was 0° relative to the
surface normal of the sample. To eliminate the contribution
from multiple scattering in the bulk, energy loss fuctions
derived from optical data and partial intensities obtained
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from Monte Carlo simulations were used [39] as input pa-
rameters. The extracted DSEPs clearly show the effect of
the depolarization of the bulk near the surface (begrenzung).
For Si and Gethe DSEP curves agree well with Tung'stheory
[36], except thevicinity of the elastic peak [39]. Inthe case of
Ni and Ag, although the overall agreement between experi-
ment and theory is reasonable, significant deviations occur,
possibly due to the deficiencies in the optical data used.
The SEPs derived from the DSEP curves show larger scatter
when comparing to datafrom earlier measurementsand from
theory. Determining SEPs, a material parameter is derived
from the measurements for describing the energy and emis-
sion angle dependence of SEPs.

3.4 High energy EPES, IMFPsfor high ener gy electrons
With the increasing significance and applications of the
spectroscopy of electrons induced by hard X-rays or ener-
getic photons, the need for accurate and reliable parameters
used in quantitative interpretation of the observed spectra,
becomes stronger. Such an important quantity istheinelas-
tic mean free path (IMFP) of the electronsin the solid. The
main reason for the lack of available experimental IMFPsfor
high electron energies is that the experimental conditions
requested are far beyond those of conventional in surface
analytical applications of electron spectrometers. The in-
tensity of the elastic peak in the spectra of electrons
backscattered from the sample surface containsinformation
on the IMFP. To determine IMFPs experimentally, the EPES
method [40] is used widely. Within this method, the mea-
sured elastic-backscattering yields of a given and a refer-
ence sample (with known IMFP) is determined and for ob-
taining the unknown IMFPR, Monte Carlo simulations of elec-
tron scattering are performed as afunction of the IMFP (free
parameter). From the measured ratio of the elastic peak in-
tensities of the analyzed and the reference sample, the IMFP
dependence of the simulated elastic backscattering prob-

abilitiesand from theIMFP of thereference sample, theIMFP
for the sample material can be derived. As a consequence,
the accuracy of the EPES method depends on the accuracy
and reliability of the data of the reference data used.

High energy resolution EPES measurements were per-
formed using polycrystalinethin film Ge and Ag (reference)
sampleswith the purpose of determining the IMFPsin Gein
theelectron energy range 2-10keV [41]. For primary electron
beam energies above 5 keV, an accelerating positive sample
biaswas applied. The energy resolution of the electron spec-
trometer was between 0.09 and 0.45 eV. Calculating elastic-
backscattering probabilities, the Monte Carlo simulation
software [42] developed by Jablonski was used with differ-
ential cross sections for elastic scattering taken from the
NIST database [43]. Calculating the backscattering prob-
abilities as functions of the IMFP of the sample and of the
reference material, respectively, and using the ratio deter-
mined from the measured elastic yields of the analyzed
sample, the IMFPs of the sample can be plotted against the
IMFPs of thereference material. Selecting IMFPvaues (asa
function of the electron energy) published earlier for the
reference material, the IMFPsin the analyzed sample can be
read out easily from the plots.

The advantage of this presentation of data (the “lambda-
lambda’ curve) [41] isthat choosing anew (e.g. more accu-
rate) reference IMFP value, by the help of this curve the new
IMFP vaue for the analyzed material can be seen immedi-
ately. In this particular case of Ge, Ag was selected asrefer-
ence material and the reference IMFPs [44] caculated from
optical data using Penn’'s algorithm were used. The so de-
termined EPES IMFPs for Ge (as afunction of electron en-
ergy 2-10 keV) are shownin Fig. 5., in comparison with val-
ues obtained using different formulae[41]. It should be noted
that the largest uncertainty in the determined values can be
attributed to the uncertainty of the elastic-scattering prob-
abilities derived from the Monte Carlo simulations. Both

B S  ——

120 . Ge IMFP from [48]
___ Ge IMFP
[40(3.2.1.)]
L T e
,51] -

i INFP | ARgEIom

4 Experimental Ge IMFP

from

Fig. 5. Ge IMFPs determined using the EPES method, in comparison with different predictions [41]. (Reproduced with permission

from Elsevier.)
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earlier estimations are consistent with the EPES IMFP data
although at higher energies the EPES data are closer to
those predicted by Powell and Jablonski [40].

IMFPs can be determined from shape analysis of high
energy electron spectraas well, because the inelastic back-
ground strongly depends on the IMFP. Using the QUASES
shape analysis (based on the “universal” cross section for
inelastic electron scattering) [14] of hard X-ray induced K-
Auger spectraof Cu, Ni and Co thin (5-40 nm thick) filmsas
well as of Fe K-conversion spectra (induced by nuclear
decay of 5’Co source) attenuated by Au overlayers of vari-
0us (2.7-20.8 nm) thicknesses, theIMFP valuesin Ni, Cu, Co
and Aufor electron energies 6-7.5 keV weredetermined [45].
The peak shape analysis resulted in consistent IMFP val-
ues for different film thicknesses and in the case of Co for
different energy electrons (from different transitions) [45].
Comparing the results to respective IMFP values published
earlier, aquite reasonable agreement was found [45], con-
firming the applicability of the peak shape analysisin the
case of high energy electron spectraexcited from thin films
of known thickness for deriving IMFPs.

3.5 Spectroscopy based on atomic recoil effectsin high
energy EPES

Using theclassical approach describing single elastic el ec-
tron scattering on free atoms assumed to have zero kinetic
energy, the energy E__ transferred to the recoiled scattering
atomis[46]:

E._= (4AM/M)E, sin?(6/2)

where m and M denote the mass of the electron and the
scattering atom, respectively, E; the primary energy of the
electron and 0 is the scattering angle. Assuming that the
scattering atoms (like free atoms) have aMaxwell-Boltzmann
thermal energy distribution with an average kinetic energy
&, anisotropic distribution for the direction of their vel ocity,
the resulting Doppler broadening of the elastic peak will
have a Gaussian distribution with afull width at half maxi-
mumAE, [47]:

AE=4(2/3E,_¢In2)»

From the equations above it can be seen, that E__ isin-
creasing with primary electron energy and decreasing with
increasing mass of scattering atoms while AE, depends on
the square root of the ratio of the primary energy and the
mass of scattering atoms. Therefore clearly observable re-
coil energy shifts AE, are expected to occur at high electron
energies and low M. On the other hand, in this case the
Doppler broadening is higher.

This phenomenon gives a unique possibility to detect
hydrogen atoms by high energy resolution EPES[22]. Fig. 6

il usits

£l

4
Eneigy ks (

Fig. 6. REELS spectrum of polyethylene obtained using primary
electrons of 2 keV energy (dots) compared to Monte Carlo
simulation (solid line) [22]. (Reproduced with permission from
John Wiley & Sons Limited.)

shows an EPES spectrum excited by primary electrons of 2
keV energy from polyethylene[22].

The elastic peak is split to a high intensity peak attribut-
ableto electrons scattered elastically on C atoms and avery
low intensity, but clearly resolved peak due to elastic scat-
tering on H atoms. The good agreement between the experi-
mental EPES spectrum and the result of Monte Carlo simula-
tion of electron scattering in polyethylene derived on the
basis of the classical approach [22] shows the potential ap-
plicability of thisspectroscopy for quantitative surface analy-
sis. Experimental results on recoil shifts using high energy
primary electrons[46, 47] confirm the validity of the classi-
cal approach in the case of selected solids.

In arecent work of Fujikawaet al. [49] quasi-€l astic scat-
tering of high energy electronsis studied with quantum scat-
tering theory including atomic recoil effects. For free atoms
the theory yields the classical results and thisis also the
case for solids in the high temperature region and when the
Debye approximation for phonon modes is valid [49]. Ef-
fects of atomic recoil during emission of photoel ectrons ex-
cited by hard X-rays from solids were also described with
thistheory, providing simple formulas within the Debye ap-
proximation for recoil shifts and Doppler broadenings[49].
The calculations show that the Franck-Condon effects play
only minor role in elastic peak shifts and broadenings, and
that for light elements the recoil shifts are comparable with
typica chemical shiftsin conventional XPS.

4. Summary

Spectroscopy of electrons having energy of 2-10 keV and
excited from solids using high energy photons and elec-
trons is — as a consequence of recent developments con-
cerning new generations of synchrotron X-ray sources, high
energy resolution electron spectrometers and theoretical
modelsfor interpretation of electron spectraat different lev-
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els—avery promising tool for accurate quantitative chemi-
cal analysis of surface, interface and bulk regions of solids,
with the option of identifying and determining embedded
local physical and electronic structures on a cluster, mol-
ecule or atomic scale.
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