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The total secondary-electron yield from positron and electron bombardment with incident ener-
gy 20-480 eV on Ni(110), Si(111), and MgO(100) has been measured. The positron-induced
and electron-induced secondary-electron yield fit the same “universal” curve but with different
scaling parameters. Comparison of the secondary yields suggests that the positron primary beam
experiences stronger energy-loss processes than the electron beam in Ni, and qualitatively agrees
with calculations and other experiments. The ratio of the maximum electron-induced secondary
yield to the positron-induced secondary yield is 0.79, 1.26, and 0.6 for Ni, Si, and MgO, respec-

tively.

Secondary-electron production through the interaction
of energetic sources with materials has been extensively
studied. Relatively little recent work has focused on
positron-stimulated secondary-electron production.' ~*
Such an omission is unfortunate because of the renewed
interest in energy-loss processes of positrons inside materi-
als,>® low-energy positron transport inside insulators,$ %
the need to understand the positron moderation process
inside ionic insulators’ and rare-gas solids,® and for un-
derstanding the background in the recently observed
positron-induced Auger electron emission.’

This paper is a comparative study of the total
secondary-electron yield of the secondary electrons due to
positrons and electrons with energy 20—480 eV hitting
single crystals of Ni(110), Si(111), and MgO(100). The
positron-induced secondary yield is qualitatively similar to
that induced by electrons and is found to follow a “univer-
sal” curve. However, we find significant differences in the
secondary yields for Ni, suggesting enhanced energy-loss
processes and a reduced range for a positron beam relative
to that of an electron primary beam. To the authors’
knowledge this is the first comparison of the positron- and
electron-induced yields using a direct method of normali-
zation to the incident beam, and the first study of the
positron-induced secondary yields of semiconductors and
insulators under UHV conditions on well-characterized
single-crystal samples.

Qualitatively, the secondary yield is an indication of the
efficiency with which an incident particle exchanges ener-
gy with the electrons in the near-surface region and the
ability for hot electrons to escape before losing energy.
During secondary-electron production, the incident pri-
mary positrons or electrons inelastically scatter in the tar-
get, and excite electrons from the conduction band. These
hot electrons can then excite other conduction electrons
and may migrate back to the surface. If the electron
reaches the surface before its energy drops below the elec-
tron work function of the target material, the electron can
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then leave the material.

The experiment was performed using a brightness-
enhanced electrostatically focused beam which has been
previously described.!® The secondary-electron current
was measured using a channel electron multiplier array
(CEMA) equipped with a four-grid retarding-field analy-
zer (RFA). To reduce secondary-electron production
from charged particles hitting the grids during data col-
lection, the first grid was grounded, the second and third
grids were biased to +520 V, the fourth was grounded,
and the front of the CEMA was set to +500 V. The elec-
tron data were normalized by retracting the target, plac-
ing the CEMA in front of the beam, scanning the beam
energy, and using the same set of voltages on the grids
that were used during the data collection. The positron
data were normalized by reversing the polarity on the
voltage for the second and third sets of grids and the front
of the CEMA. A stable low-current electron source
(necessary in order to avoid saturating the CEMA) was
achieved by extracting the secondary electrons produced
by 2-keV positrons hitting the last remoderator (see Fig. 1
in Ref. 10). The Ni(110) crystal was cleaned by cyclical-
ly sputtering and annealing, the Si(111) crystal was
cleaned by heating to 900°C, and the MgO(100) was
heated to 350°C for 12 h. Time-dependent total yields
due to charging plagued the measurements on MgO crys-
tals, but the comparison of electrons versus positrons
should still be valid. The data using MgO targets were
taken under identical conditions with various target tem-
peratures and were repeated three times.

The secondary yield § (defined as the total electron
current leaving the sample, integrated over all energies
and angles, and normalized to the primary beam current)
was determined from our measurements by using
s=[1/f(@)l1(Q)/I, where I(Q)/I, is the detected
secondary current normalized to the incident beam and
f(Q) is the fraction of secondary electrons emitted into
the solid angle of the detector. This fraction was calculat-
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ed by assuming that the secondary electrons follow an ex-
perimentally observed cosine angular distribution,"!! and
is given by integrating over the solid angle of the detector:

fla)= fn cos(0)d @ =0.255cos(8,) ,

where 0, is the angle between the central axis of the
detector (Fig. 1) and the normal to the sample surface (8,
was small enough to prevent shadowing of the detector by
the sample). The integrated energy distribution of sec-
ondary electrons was determined by sweeping the retard-
ing grid of the RFA.

Figure 1(a) shows a comparison of the positron-induced
and electron-induced secondary yields versus incident
beam energy for Ni(110) with the incident beam hitting
the surface at 78° with respect to the sample normal and
with 6;=12°. A similar comparison is shown in Figs.
1(b) and 1(c) for Si(111) and MgO(100), respectively,
for the same sample and detector angles. The striking
feature of these figures is the fact that while the shape of
the curves is similar, the positron-induced yield is = 20%
and = 70% larger than the electron-induced yield on Ni
and MgO, respectively, at an incident beam energy of 480
eV, where as for Si the electron-induced yield is higher by
=17%. Figure 1(d) shows an electron- to positron-
induced yield comparison for Ni with the beam incident at
50° and 6; =40°. Here the differences between positrons
and electrons are even more pronounced. The positron-
induced yield is 40% higher than the electron-induced
yield at 200 eV. In addition, the positron-induced yield
curve levels off well before the electron-induced curve.
The solid line shown in Figs. 1(a)-1(d) represents a best
fit to a “‘universal curve,” which has been experimentally
found to describe electron-induced secondary-electron
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emission from a large variety of metal, semiconductors,
and insulators.!! This function is given explicitly by Eq.

(1):

S8(E) =C,(Z,E/Eom)' ™1 — expl(—Z,E/Eom)"1},
(1)

where E is the incident beam energy and Z3s=1.843.
Previous electron-induced secondary-electron-yield stud-
ies'! have found that n=1.35 yields good agreement be-
tween experiment and theory and is taken from the exper-
imentally observed behavior of the range R~ E '3, The
constant Eq,, is a scaling parameter of the universal curve
and corresponds to the energy at which the secondary
yield is maximum. The constant C, is related to the max-
imum yield (the other scaling parameter of the universal
curve) by C}35™=6max/0.72. In most cases the secondary
yield had not reached its maximum at 480 eV (the upper
energy limit in our experimental setup), and therefore a
least-squares fit to the function shown in Eq. (1) was used
to determine the values of Eq, and Smax. The values of
Omax estimated from fits to the curves shown in Figs.
1(a)-1(d) are presented Table I. The values for the
electron-induced secondary yield 8max from Ni and Si are
in reasonable agreement with earlier values after using a
procedure due to Jonker'? to account for differences in in-
cident polar angle (see Table I). Differences in the extra-
polated values and earlier studies may be due to the
failure of the extrapolation method, which has not been
tested at these large incident scattering angles (78°). The
electron-induced secondary-electron yield §yax from MgO
is low relative to previously published reports.'>!* The
disparity in the values of dmax could be due to sample
preparation and charging problems. We find the ratio of
8, =8max/8max or the maximum electron-induced to
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FIG. 1. (a) Comparison of the secondary-electron yields from Ni(110) due to positrons and electrons incident at 78 ° as a function
of incident beam energy. Solid lines are functions obtained from fits to Eq. (1). Inset depicts beam, sample, detector arrangements;
(b) same as (a) except target is Si(111); (c) same as (a) except target is MgO(100); (d) same as (a) except incident polar angle is

50°.
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TABLE 1. Values of 6max estimated from Fig. 1 by using Eq.
(1), C1.35™=8max/0.72, n =1.35, and curves in Fig. 1.

Angle of
incidence Smax
Sample (F2°) et e” (F02) &b 8,-/6,+

Ni(110) 50° et 2.0 0.75
Ni(110) 50° e~ 1.5 1.5°
Ni(110) 78° et 2.4 0.79
Ni(110) 78° e~ 1.9 2.4°
Si(111) 78° et 1.5 1.26
Si(111) 78° e~ 1.9 2.2¢
MgO(100) 78° e? 6.1 0.6¢
MgO(100) 78° e~ 3.6 15-50¢

2Reference 12 for 6 =48°.

YExtrapolated from Smax=1.9 at §=70° (Ref. 12).
°Extrapolated from Smax=1.1 at 6=0° [L. R. Koller and J. S.
Burgess, Phys. Rev. 70, 571 (1946)].

dReference 11.

“Reference 2.

positron-induced secondary-electron yield for the MgO
sample is 0.6. This is significantly different from
Cherry’s? value of 3.

The limited energy range of the experimental data im-
plies a large uncertainty in the fitted value of Eq, espe-
cially for targets whose Eq, > 500 eV. Studies of posi-
tron energy loss (for incident particles = 1-6 keV), un-
like electron energy loss'! in thin films,'> find the mean
penetration depth follows E" where n=1.6. Substitution
of n=1.6 into Eq. (1) yielded a slightly worse x? fit to the
data relative to n=1.35. Due to the limited energy range
of our data and the simple assumptions of Eq. (1), we can-
not definitively conclude that the energy loss per distance
follows n=1.35.

Recent calculations by Zhang, Tzoar, and Platzman,
low-energy positron-diffraction experiments,!” =% and
glancing-angle positron-diffraction and positronium-
formation?' studies suggest that positron energy-loss pro-
cesses are greatly enhanced relative to those for electrons
in metals for particles in the energy range of this experi-
ment. This is partially due to the fact that attraction be-
tween positrons and electrons leads to increased collision
rates relative to electron-electron scattering.' The range
R of a positron primary beam therefore should be reduced
relative to that of an electron beam because of the
stronger inelastic scattering.

A connection between enhanced energy loss, reduced
range, and the observed yields in this experiment can be
obtained by using the following reasoning. In this argu-
ment, the secondary-electron escape depth A from the two
types of incident particles is assumed to be the same for a
particular sample target and scattering geometry, and A is
assumed to be energy independent (evidence that A is in
fact not the same will be discussed below). A relation be-
tween Smax and range R is implicit in the semiempirical
Dekker theory'! and is shown in Eq. (2),

A 1/1.35
Omax = [?] s 2)

0
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where R=R,E '35, Using our values of 8pax in Eq. (2),
the positron range relative to the electron range is reduced
by 70% and qualitatively agrees with the calculations of
Zhang et al. for metals with r;/ao=2 [rs/ao=2.38 for Ni
(Ref. 22)].

The differences in positron and electron energy loss in
the near-surface region of Ni(110) are even larger than is
indicated by the disparity in the total yields shown in Figs.
1(a) and 1(d). The electron-induced yield is enhanced in
Figs. 1(a) and 1(d) due to the presence of extra “back-
scattered” electrons (energy > 20 eV) in the electron-
induced spectrum that are absent in the positron data as
can be seen in Figs. 2(a) and 2(b), which show the in-
tegrated electron energy distribution [= [ (dn/de)del
due to 100-eV positrons and electrons, respectively, and
was measured using the RFA of the CEMA. The in-
tegrated yield has been normalized to a common value of
100% at E=0 eV. The energy-independent counts from
annihilation y rays and positronium have been subtracted
from the positron spectra [Fig. 2(a)l.

The presence (absence) of backscattered electrons in
the electron- (positron-) induced total yield not only
affects 8ax but also E¢,, and complicates the comparison
of the spectra. Referring to Fig. 1(d), it is clear that the
maximum yield from positrons is reached at a lower ener-
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FIG. 2. (a) Normalized secondary-electron energy distribu-
tion from 100-eV positrons hitting the Ni(110) surface at 78 °.
Counts due to annihilation y rays and positronium have been
subtracted. The solid line is a guide for the eye; (b) same as (a)
except incident beam is from 100-eV electrons. No subtraction
from y rays and positronium.
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gy Eom but that 8p,y is higher for positrons than for elec-
trons. This relationship between 8. and Eop, is incon-
sistent with the semiempirical Dekker theory in which
Smax and Eopn, should increase together, assuming A is en-
ergy independent and is the same for the positron- and
electron-induced secondaries. This inconsistency can be
explained by noting that the presence of backscattered
electrons in the electron-induced spectrum raises the aver-
age energy of the electron-induced spectrum and causes
an energy dependence for the escape depth A. Also, the
dependence of the backscattered electron yield on incident
beam energy?’ differs from that of low-energy secondary
electrons (<20 eV).
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Presently, there is no quantitative understanding of the
positron-induced secondary-electron production. A calcu-
lation using Monte Carlo methods and more extensive ex-
perimental studies of the secondary-electron angular and
energy distributions may help lead to an understanding of
the problem.
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