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Section 3.2 LOW-ENERGY ELECTRON RANGES IN MATTER

Piero Pianetta

The ectron range is ameasure of the sraight-line penetration distance of dectronsin asolid [1].
Electrons with energies in the kilo-eectron volt range, traveling in asolid, are scattered indadticdly in
collisons with the dectronsin the materia. For lon-Z materids, such as organic insulators, scattering
from the valence dectrons is the mgor |oss mechanism for incident eectron energies from 10 eV to 10
keV. The core levels contribute less than 10% to the electron’s energy dissipation for energies between
1 keV and 10 keV [2].

A. CSDA RANGES

For dectron energies below 5 keV, the usua Bethe-Bloch formaism isinadequate for cdculaing the
electron energy lossin a solid, and an gpproach using the didectric response of the materid isused [3].
The complex didectric function €(k,w) describes the response of amedium to a given energy transfer
hw and momentum transfer 7k . The didectric function contains contributions from both vaence and
core dectrons. References 4 and 5 describe the steps for calculating €(k,w) for insulators and metals,
respectively. For an eectron of energy E, the probability of an energy lossw per unit distance is given

by [2]
1 kdk O -0
T(E,h(k))— E_Ik_ K Im%(k,(}))a , (1)

where 7k, = V2mWE = VE - hw) and ag =2 /me2. Thequantity T(E,%w) isaso known as
the differentia inverse mean free path, because by integrating it over al dlowed energy transfers, the
inelastic mean free path (IMFP) is obtained. Furthermore, an integration of 7wt (E,%Zw) over Al
alowed energy trandfers gives the energy loss per unit path length, or stopping power S(E) The stopping
power can then be used to calculate the distance it takes to dow an eectron down to a given energy.
Thisdistanceis cdled the continuous dowing down gpproximetion range, or CSDA range, because the
caculation assumes that the electron dows down continuoudy from theinitid energy E to thefind
energy, which is usudly taken to be
10 eV [2]. The CSDA range kg (E) isgiven by
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The cdculaions for IMFP and stopping power have been carried out down to 10 eV for anumber of
meterids, including SO 5, [3]; polystyrene [2]; polyethylene [6]; collodion [7]; and silicon, duminum,
nickel, copper, and gold [5]. The CSDA rangesfrom 15 eV to 6 keV were then calculated for polysty-
rene, slicon, and gold by integrating Eq. (2) and are shown in Fig. 3-3. These curves can be used with
confidence down to 100 eV. However, comparisons of different available cdculations with the meager
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Fig. 3-3.  Plot of the CSDA range, as a function of energy, for gold and silicon [5] and for

polystyrene, (CgHg),,, With a density of 1.05 g/cm3 [2]. The measured electron range
in collodion with a density of 1 g/cm3 is also plotted [7].

experimenta data below 100 eV indicate that errors as large as 100% may occur at 10 eV. An
example of thisis shown in the figure, where experimenta range data for collodion are given. It isclear
that the agreement between the collodion and polystyrene data starts to become reasonable above 100
eV. The differences below 100 eV could equaly wel be due to problems with the theory or to the
increased difficulty of the measurement. Stopping-power caculations for polymethyl methacrylate
(PMMA) have been carried out only from 100 eV, so that the CSDA range as defined above could not
be cdculated [4]. However, data on effective eectron ranges of photoeectronsin PMMA at severd
energies can befound in Ref. 8.

B. ELECTRON INELASTIC MEAN FREE PATHS

A very important aspect of photoelectron spectroscopy, especidly with synchrotron radiation, is the
ability to effectively tune the surface sengtivity from afew angstroms or afew tens of angstromsin core-
level photoemission measurements to a few hundred angstroms in total-electron-yidd surface EXAFS
experiments. This variation arises from the fact that the IMFP of the photoemitted electronsisastrong
function of the dectron kinetic energy, which can be tuned by the gppropriate choice of photon energy.
The definition of the IMFP [9] isthe average distance traveled by an eectron between inglagtic col-
lisons. Although the exact relationship between the IMFP and kinetic energy depends on the detailed
electronic sructure of the eement or compound of interest, the generd features are Smilar for al
elements, Sarting a large vaues for kinetic energies below 10-15 eV, dropping to aminimum value of



5-10 A a kinetic energies between 30 and 100 eV, and then rising monotonically above 100 eV.Since
the surface sengitivity is determined by the depth perpendicular to the surface from which dectrons can
escape, it is best defined using the mean escape depth (MED), which isrelated to the IMFP by

A=1,cosa |, ©)

where A isthe MED, | ; isthe IMFP and a isthe emission angle of the electrons relative to the surface
normal. However, it should be noted that elastic scattering effects within the solid could increase the
MED as much as afactor of two at eectron emission angles greater than 60°, depending on the angle of
incidence of the incoming x-rays and the particular core level being studied [9,10]. Therefore, the
standard technique of increasing the surface sengtivity by working a glancing emission angles using Eqg.
(3) must be qudified to take these effects into account. In addition, both angle-dependent cross sections
and photod ectron diffraction effects can result in anisotropic emisson from the solid that can adso cause
errorsin the interpretation of the MEDs in solids. Because of these complications, graphs of the IMFPs,
rather than the MEDs, versus e ectron kinetic energy will be presented here to give a measure of the
surface sengtivity. The reader isreferred to Ref. 9 when more complicated experimenta conditions
need to be considered.

Using the formalism developed by Penn that uses optical data to determine the IMFP of amateria
[11], Tanuma et a. have caculated the IMFPs for alarge number of eements and compounds for
kinetic energies up to 2000 eV [12-14)]. Figure 3-4 shows IMFP curvesfor Ag, Al, Na, PMMA, S,
and SO,. These materias are representative of afairly wide variety of materids for kinetic energies
between 200 and 2000 eV. For example, the IMFPs for Ni, Ta, W, Pt, and Au al hover around the
vaues given herefor Ag; Cr, Fe, and Cu fal between Al and Ag. Likewise, C fdls between S and
SO,, whereas GaAs overlies the PMMA curve for much of this energy range. The behavior below 200
eV is more complex, because the IMFPs are strongly dependent on the details of the eectronic
dructure. Figure 3-5 shows the region below 250 eV for Al, Ag, GaAs, Na, PMMA, and Si. Silicon
dioxide is not shown here because it overlaps the PMMA curve in this range, whereas GaAs does not.
Although the cdculaions below 50 €V may not be rdligble, owing to limitationsin the theory, the values
are plotted at these low energiesto show the generd behavior of the IMFPsin thisregion, aswell asthe
location of the minimafor the different materials. Cdculaions for additional materids can be found in the
literature as follows: (i) ements from C to Bi [12]; (ii) I11-V and 11-VI compound semiconductors,
akai haides, SN 4, and severd oxides[13]; and (jii) organic compounds [14]. Caculations are being
presented here because they provide the most complete and consistent set of values for the IMFPs.
References 9 and 10 give the historical background for both the theory and the experimenta work in
thisfield and show that it is difficult to generdize much of the experimentd datain the literature, owing to
the experiment- specific effects described above, as well as uncertainties in sample preparation. Seah
and Dench [15] where thefirg to classfy the materid dependence of the IMFPs and presented data for
kinetic energies up to 10 keV. A good example of the care that is needed in determining IMFPsis given
in Ref. 8, which isagtudy of the S/SO, sysem. Finaly, it should be mentioned that spin-dependent
effects onthe IMFP have aso been observed in ferromagnetic materias[17].
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Fig. 3-4. Inelastic mean free paths for electron kinetic energies up to 2000 eV, for Ag, Al, Na,
PMMA, 9, and SO,.
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Fig. 3-5. Detail of theinelastic mean free pathsin the kinetic energy range below 250 eV, for

Ag, Al, GaAs, Na, PMMA, and S.
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