VOLUME 79, NUMBER 2 PHYSICAL REVIEW LETTERS 14 JLy 1997
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from Solids by Positron Impact
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Energy distributions of fast secondary electrons ejected from Cu and Si bombarded by positrons
of energies in the range 50 to 2000 eV, incident at glancing an@es) and at35°, have been
fit to the form AE™" proposed by E.N. Sickafus. The absence of electron backscattering and the
reduction of cascade effects common in electron-stimulated secondary electron spectra allow the direct
determination ofm for comparison with theory. The values obtained rise from 1.5 at 2000 eV to about
2.5 at 50 eV, and are all higher than those found for electrons incident at higher energies (0.5-1.5).
No significant dependence of the value rafon target species or angle of incidence was observed.
[S0031-9007(97)03544-8]

PACS numbers: 79.20.Hx

The emission of secondary electrons from solids has N(E) = AE™", @
long been of interest for many reasons. As well as bewhereA andm are constants for a particular material and
ing a fundamental aspect of electron-solid interactions, iprimary energyE,. The parametem was found to be
is also of practical importance in devices such as electypically ~1; log,, N(E) has linear segments sometimes
tron multipliers and electron microscopes [1,2]. It is bounded by regions with Auger electron peaks (the Auger
also of importance in the exploitation of electrons as alectrons being regarded here as secondary electrons of
probe of materials—for example, knowledge of the backfixed initial energies). Further measurementsnofby
ground secondary-electron energy distribution is a preregviatthew et al. [3] and Greenwoocet al.[7], both for
uisite to accurate line shape analysis in electron-inducedrimary electron energies of about 20 keV, yielded values
Auger electron spectroscopy (EAES) [3]. This Letterfalling between 0.5 and 1.5m showed a dependence on
presents the results of first measurements of the energ@tomic numbef reflecting the number of valence electrons
spectrum of fast secondary electrons, uncontaminated by the target atom. More recently Matthegt al.[8]
a background contribution from backscattered primaryperformed Monte Carlo simulations, for a primary energy
electrons. of 5 keV, yielding similar results. No dependencembn

An energetic primary electron may transfer energy to amprimary particle energy has yet been established.
electron in a solid. The two electrons then undergo elastic Experimental studies oN(E) in the Sickafus region
and inelastic scattering events, some of which may involvdnave been limited by the difficulties associated with dis-
the release of further secondary electrons, and a cascatieguishing between true secondary and backscattered
process occurs. The energy distribution of those secondaprimary electrons, a problem which is exacerbated at low
electrons which emerge from the surface of the solid intancident beam energies. This problem is absent, how-
the vacuum is dominated by a broad peak extending frorever, in the case of positron-stimulated secondary elec-
zero to several eV, with a tail extending to higher energiestron emission. It has been experimentally demonstrated

Backscattering occurs when the primary electron expethat the low-energy secondary electron cascade spectra for
riences a large-angle elastic scattering event, or multiplboth incident electrons and positrons are similar [9,10],
small-angle elastic events, and is reemitted—possibly afout no measurements have been made to date in the Sicka-
ter multiple inelastic scattering—into the vacuum with be-fus region. In a preliminary measurement the authors ob-
tween 0% and 100% of its incident energy. Therefore theained a value om close to 2 for a 2 keV positron beam
energy spectrum of electrons leaving a solid consists of signcident at glancing anglé<5°) on copper [11], in dis-
nificant contributions from both secondary and backscatagreement with previous experimental and theoretical re-
tered electrons. sults for electrons. The work presented in this Letter was

Sickafus [4—6] measured the secondary electron energyotivated by the evident need for further measurements of
distribution N(E) in order to attempt to understand the m for different primary positron energies, target species,
spectral features associated with Auger transitions. Hand incident angles.
studied the energy region corresponding to the shortest The measurements were performed using the Uni-
inelastic mean free paths for electrons, i.H),= E =  versity of East Anglia (UEA) electrostatic beam system
1000 eV (above the low-energy cascade peak referred tfl2] shown schematically in Fig. 1. Positrons from a
earlier). We shall hereafter term this energy range th€00 MBg ?’Na source are moderated at an annealed
“Sickafus region.” From plots of log N(E) vs log,, E  tungsten mesh, guided, and focused electrostatically
he found linear sections obeying the simple relation onto the target. An electrostatic reflector in the incident
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Integral energy spectra of secondary electrons emitted
from copper and silicon were obtained for incident
b positron energies between 50 and 2 keV, and for glancing
(~5°) and 35 incident angles. The random, energy-
independent background beneath the signal spectra was
measured by cutting off the incident slow positrons by
raising the potential V on one of the lenses in the incident
beam arm such that eV was greater than the positron
energy. After subtraction of this random background the
data were differentiated; an example of the entire energy
distribution thus obtained is shown in Fig. 2.

The spectra of energetic secondary electrons were
plotted on a log-log scale, as illustrated in Fig. 3, to
investigate if the distributions were of the form suggested
by Sickafus [Eg. (1)]. Linear functions were found to
be appropriate when fitting the higher energy regions of
the spectra, allowing evaluation of thme values plotted
in Fig. 4. Over similar energy ranges (expressed as
a fraction of E,), the values ofm were found to be
essentially independent of sample species or incident
angle, but appear to fall &, increases.

The resolution of the system is limited by the planar
nature of the RFA meshes in that a lower energy than
the true value is attributed to an electron emitted from
the sample at an angle other than normal to the plane
of the analyzer. A detailed analysis of this effect,
based on geometrical considerations, leads typically to an
underestimation ofn by about 4%. This is approximately
compensated for by the corrections required to allow for
the energy dependence of the efficiency of the detector

FIG. 1. Schematic of the UEA electrostatic beam SVStem'(typicaIIy —6.5%). The net correction is within the
(&) source, (b) electrostatic reflector, (c) sample, (d) elec- ncertainty Iir.nits duoted fom

trostatic lenses, and (e) microchannel plate detector/RFA! . .
assembly. The values ofm lie outside the range of 0.5 to 1.5

for electron bombardment [3,7], although their energy

beam arm essentially eliminates background counts due
to high energy particles which could otherwise reach
the target. By reversing the polarity of the potentials 7
applied to the lenses an electron beam, generated by f
beta-positron-induced secondary electron emission from

the moderator mesh, can be obtained. The system is 4

dN/dE

evacuated te-10~8 Pa; sample cleaning is performed by w “

repeated argon-ion sputtering and electron-beam heating, g Te

and surface contamination is monitored using conven- ©

tional EAES. _. 20 40 60 80 100 120 140
Positrons or electrons leaving the sample surface which 1o ELECTRON ENERGY (eV)

pass through a planar double-mesh retarding field analyzer .
(RFA) are detected by a channel electron multiplier 1 e

array. A ramped voltage is applied to the RFA, and E

the transmitted particle count rate is recorded by a )

synchronously ramped PC-based multichannel scaler. A 0 25 50 75 100 125 150
positive potential close to the incident positron beam ELECTRON ENERGY (eV)

energy is applied to a single mesh held in front of the RF IG. 2. Differential energy spectra of secondary electrons

meshes, to prevent the production of secondary electro ected by 300 eV positron impact on Cu. The main plot shows
from the meshes due to bombardment by backscatter@fe low-energy electron peak; the inset shows the high-energy

positrons. tail (the “Sickafus region”) on an expanded scale.
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10000 - respectiv_ely. It is cI_ear fr_om Fig. 5 that the potential for
systematic error in isolating the true secondary electron
1000 - energy spectrum from the total spectrum is much greater
in the case of electron bombardment.
100 - The higher values ofm in the present study using low-
energy incident positrons probably result from the lower
10 energy of the primary particle, the generation of secondary
' ' I ' electrons at shallower depths beneath the surface, and the
10 20 40 100200 consequently lower probabilities for elastic and inelastic

Energy (eV)

FIG. 3. Differential spectra of secondary electrons from Cu
for an incident positron beam of (a) 2 keV, (b) 1 keV, and
(c) 300 eV, shown on a logarithmic (base 10) scale. The
straight lines are fits to the Sickafus regions.

dependence suggests that a high-energy asymptotic value
close to the 1.1 reported by Greenwoeidal. [7] for Cu

at 20 keV might be approached. (This premise cannot be
tested with the present system, for which the maximum
incident projectile energy is 2 keV.)

To investigate the possible influence of the method
adopted for the subtraction of the backscattered electron
component in the electron beam measurements, the energy
distribution of backscattered plus secondary electrons for
500 eV, 1 and 2 keV electron beams incident on Cu were
measured. The results for 2 keV are shown in Fig. 5.
A fit to these data in the energy region from 120 to
600 eV using the functional form suggested by Peacock
and Durand [13], i.e.,

dN/dE (arbitrary scale)

100 200 300 400 500 600
ELECTRON ENERGY (eV)

AE™"™ + BE", @) FIG. 5. Differential energy spectra of electrons leaving a Cu

. surface bombarded by 2 keV electrons (full circles). Solid
yielded a value ofm = 1.15 = 0.13. The m values at |ine: fit to the form AE-™ + BE". Broken line: AE~"™

500 eV and 1 keV werd.64 = 0.26 and 1.22 = 0.23,  (secondaries). Dotted linE" (backscattered).
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collisions before emerging into the vacuum. (There seemsated, but segmentation effects arising from inner-shell
to be some evidence for a similar effect for incidentelectron ionization and associated Auger transitions are
electrons.) Matthevet al. [8] pointed out that the theory greatly reduced. The results of the present measurements
of Mott [14] suggests that, for incident particle energiesare therefore potentially much more theoretically tractable
much greater than those of the secondary electrons, tithan those from earlier electron experiments, providing a
initial secondary electron spectrum—i.e., prior to anyrigorous test of theory and simulation applied to electron
energy-loss collisions on the way to the exit surface—willspectroscopies.
have the formE~2. The possibility of evaluatingn for The authors are grateful to Professor J. A.D. Matthew
lower primary energies afforded by the use of positrondor stimulating discussions, and to Paul Burrows for help
appears to have allowed the observation of an increasgith data analysis.
in the value of the parameter from the asymptotic limit
(~1) for high incident particle energies—for which the
depths of origin of the emerging secondary electrons is(1] s. pendyala, J. Wm. McGowan, P.H.R. Orth, and P.W.
essentially constant—to a value closer to the Mott value  zitzewitz, Rev. Sci. Instrund5s, 1347 (1974).
of 2 at low incident energies. [2] J. M. Cowley, Prog. Surf. ScR1, 209 (1986).

Differences in the probabilities for inner shell ioniza- [3] J.A.D. Matthew, M. Prutton, M. M. El Gomati, and D.C.
tion and Auger electron generation will also lead to some  Peacock, Surf. Interface Andll, 173 (1988).
differences between the presentvalues for low-energy  [4] E.N. Sickafus, Phys. Rev. B6, 1436 (1977).
positron impact and those from earlier higher energy [5] E.N. Sickafus, Phys. Rev. B6, 1448 (1977).
(~20 keV) incident electron beam measurements [3,7]. [6] '(51-517-9)5'0"3““5 and C. Kukla, Phys. Rev. B9, 4056
Ichlmurae_t al. [15] po_stulated that broad features are in- [7] J.C. Greenwood, M. Prutton, and R.H. Roberts, Phys.
troduced into the emitted electron spectraf(£) by the Rev. B49, 12485 (1994),
inner-shell ionization of target atoms by backscattere(_j andg1 3 A.D. Matthew, W.C.C. Ross, and M.M. El Gomati,
secondary electrons, and Auger electrons create their own ° |nst phys. Conf. Sed30, 383 (1993).
cascades of secondary electrons, modifyii@) and thus  [9] A. Weiss and K. F. CanteiPositron Annihilation(North-
the value ofm [4]. Preliminary results of the authors have Holland, Amsterdam, 1982), p. 162.
indicated that, at the same high incident energy, electrorid0] A.P. Knights and P.G. Coleman, Appl. Surf. S8b, 43
are more likely than positrons to be backscattered with ~ (1995).
high energies, consequently producing more energetid1] N. Overton and P.G. Coleman, Appl. Surf. St16 134
secondary electrons. Furthermore, at relatively low ener- _ (1997). .
gies inner-shell ionization by positron impact is likely to [12] éblfn?ggy&i{er'a‘ézi go'l'ggt?ss 1% g"leztl%rgs)a”d P.G.
be negligible comparegl with that cha}racterlstlc of hlgher—[13] D.C. Pee;cock and J.P. Duraud, Surf. Interface ABAl
energy electrons [16]; the probability of a low-energy (1986).
Aug'er transition ywl[ thus also be smaller for an incident 14] N.F. Mott, Proc. R. Soc. London A26, 259 (1930).
positron than an incident electron. One may conclude thgls] 5. |chimura, C. Le Gressus, R. Shimizu, K. Goto, and
by using low-energy incident positrons rather than high- M. Massignon, C.R. Acad. Sci. Pa291, B97 (1980).
energy incident electrons to generate secondary electrorngg] P.J. Schultz and J.L. Campbell, Phys. Letl2A 316
not only is the backscattered electron component elimi-  (1985).
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