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Dependencies of secondary electron yields on work function for metals
by electron and ion bombardment
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Secondary electron yields depending on work function were measured for 30 species of metal in
ultrahigh vacuum by electron and ion bombardment. Secondary electron yields induced by electrons
at 10 keV increase with work function, while those by Ar1 ions at 3 keV decrease with increasing
work function. The opposite dependencies of secondary electron yields on work function between
electron and ion bombardment are discussed on the basis of the different mechanisms of secondary
electron emission, i.e., kinetic and potential emission for electron and ion bombardment,
respectively. ©2000 American Institute of Physics.@S0003-6951~00!01023-8#
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It is well known that the contrast of the secondary ele
tron image of scanning electron microscopy~SEM! is differ-
ent from that of scanning ion microscopy~SIM!. For ex-
ample, we reported1 that the atomic number~Z! dependence
of the image contrast in SEM for several metals~Al, Cu, Ag,
and Au! is opposite to that in SIM observed by focused A1

or Ga1 ion beam. This fact was explained by the differe
parameters of the primary beams, namely, the backscatt
electrons depending onZ contribute to secondary electro
emission for electron bombardment, while the backscatte
ions depending onZ become lost for ion bombardmen
These behaviors are caused by different ranges between
trons and ions.

Secondary electron emission induced by electrons2–6 and
ions6–8 has been reported in a number of articles, howev
the dependency of secondary electron yields on material
rameters has not been completely clarified.

In this letter, the secondary electron yieldd and the work
function F were directly measured for 30 species of met
in ultrahigh vacuum from integrated intensities and on
energies of secondary electron spectra emitted by elec
and ion impact. The results show that the dependenciesd
on F are opposite between electron and ion impact. This
is very important for the analysis of the material by SEM a
SIM. Furthermore, discussions on these phenomena are
portant for understanding the mechanisms of secondary e
tron emission for electron and ion bombardment.

The experimental apparatus used in this experiment
scanning Auger electron microscope~JAMP-7800F! with a
vacuum pressure of 531028 Pa, which is equipped with a
hemispherical electron energy analyzer, an electron op
column, and an Ar1-ion sputtering gun. The energies of ele
tron and Ar1-ion beams were 10 and 3 keV, and the incide
angles were 35° and 50° from the specimen surface for e
tron and ion bombardment with analyzing the kinetic ene
of secondary electrons emitting in the direction normal to
surface. The specimens are polycrystal pure metals o

a!Electronic mail: ichinoka@jeol.co.jp
3470003-6951/2000/76(23)/3475/3/$17.00
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species ~UHV-EL-3700! prepared by Geller Analytica
Laboratory, and the surfaces of those metals are cleane
Ar1-ion sputtering in ultrahigh vacuum. The secondary el
tron spectra were measured by the hemispherical elec
energy analyzer using an operation mode of constant po
tial ratio ~the ratio between pass energy in the spectrom
and kinetic energy of measuring electrons is a constant! at
0.22, and 0.05 eV steps for energy sweep with a dwell ti
of 20 ms at each step. In this mode, the relative energy re
lution DE/E is a constant. The secondary electron yie
were measured from the integrated intensities of second
electron spectra in a range from 0 to 30 eV and the w
functions F were measured simultaneously from the on
energies of secondary electron spectra by applying bias
tential 25 V to the specimen. If the work function of tung
sten,FW , is put to 4.55 eV from the table in Ref. 9, th
work functions of other metals are obtained simultaneou
with d by the measurement of secondary electron spectr

Figures 1~a! and 1~b! show the secondary electron spe
tra induced by 10 keV electrons and 3 keV Ar1 ions for
several metals with applying the bias potential25 V to the
specimen. The work functionsF measured from an extrapo
lated or an inflected point of the initial rise of seconda
electron emission have an accuracy of 0.05 eV. Here,
should notice that the widths of secondary electron spe
obtained by ion bombardment are narrower than those
electrons, and the widths by electrons are 25–30 eV, whe
those by ions are 10 eV. We should emphasize that the o
of the magnitude of the integrated intensities among th
metals is opposite between electron and ion impact, w
the work functions measured for respective specimens
electron and ion impact are the same within an error of 0
eV.

In Fig. 2~a!, open circles show the dependency ofF on Z
for 30 metals obtained by the present experiment and
values almost agree with those of the table in Ref. 9 sho
by small dots. Figure 2~b! shows a relationship betweend
andZ for electron bombardment. From Fig. 2~b!, we can see
that d tends to increase withZ and has a similar periodicity
to that ofF. The maximum ofd in each period correspond
5 © 2000 American Institute of Physics
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3476 Appl. Phys. Lett., Vol. 76, No. 23, 5 June 2000 Kudo, Sakai, and Ichinokawa
to that ofF. On the other hand, Fig. 2~c! for Ar1-ion bom-
bardment shows thatd tends to decrease with increasingZ
and the maximum ofF corresponds to the minimum ofd.
Since the measured conditions for electron and ion imp
are not the same,d values are presented by arbitrary units
Figs. 2~b! and 2~c!.

The dependence ofd on Z was already observed by Hip
pler, Hasselkamp, and Scharmann10 in the experiment of 100
keV H1, H2

1 , and H3
1 ion beams in ultrahigh vacuum for 2

metal species. The periodic behavior is similar to that of
present experiment shown in Fig. 2~b!. This fact indicates
that the mechanism of secondary electron emission produ
by high-energy light ions is similar to that by electrons.
Fig. 2~b!, d increases withZ in each period and reaches th
maximum at the boundary between theA andB groups in the
periodic table, at which thed-shell electrons of the transitio
metals are completely filled. Beyond the maximum,d de-
creases with increasingZ ~electronegativity! in each period.
Such a behavior ofd for electron bombardment is similar t
that of F, while that for argon-ion bombardment is revers
as shown in Fig. 2~c!.

For the secondary electron emission by electron bo
bardment, we should consider several processes,11 e.g., ~1!
production of internal secondaries in solid,~2! energy dissi-
pation and cascade process of the incident electrons,~3!
transport of excited secondaries from the bulk to the surfa
and~4! escape process of secondary electrons across the

FIG. 1. ~a! Secondary electron spectra induced by electrons at 10 keV
~b! Ar1 ions at 3 keV for several metals. The bias potential of25 V was
applied to the specimen. The order of the magnitude of integrated intens
for the secondary electron spectra among the metals are opposite be
electron and ion impact. On the other hand, the work functions meas
from the onset energies of secondary electron spectra are the same be
electron and ion impact for respective metals.
Downloaded 13 Apr 2013 to 128.248.155.225. This article is copyrighted as indicated in the abstract
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face barrier. The dependence ofd on F was first discussed
by Baroody12 and Dekker.2 However, a reliable analysis tak
ing account of the above processes has been carried ou
Schou.5 According to his equation,d is influenced by the
material parameters, the work function, and the electro
stopping power of the incident and emerging electrons. T
production of the liberated electrons in solid depends on
local electron density~defined by the so-called local-densi
approximation13–15! through the stopping power. Since th
work function is a measure of the energy difference betw
the Fermi level and the vacuum level, it is difficult to extra
any general relationship betweend andF. However, the ex-
perimental data show that the dependence ofd on Z for elec-
tron impact has similar periodicity to that ofF, andd has a
tendency to increase withF. This behavior cannot be exp

d
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FIG. 2. ~a! Work functionF depending on atomic numberZ, and~b! and~c!
secondary electron yieldsd depending onZ for electron and ion bombard-
ment, respectively. The dependency ofd on Z for electron bombardment is
similar to that ofF, but that for Ar1-ion bombardment it is opposite to tha
of F.
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lained by the analytical equation. One of the possibilities
explain this is the Monte Carlo simulation by using the lo
function ~dielectric function! as a material parameter.

In contrast, for low-energy heavy-ion impact, the velo
ity of Ar1 ions at 3 keV(1.23105 m/s) is much lower than
those of electrons at 10 keV(63107 m/s) and the Fermi elec
trons in metal (23106 m/s). Therefore, the probability o
kinetic emission is smaller than that of potential emissi
The number of secondary electrons excited by ion neut
ization,Ni(e), was given by Hagstrum16 as a convolution of
two densities of states at the surface, as shown in Fig. 3

Ni~e!5E
2~e2eF!

~e2eF!

umu2Nc~e1D!Nc~e2D!dD, ~1!

where umu is a transition matrix of the Auger process a
Nc(e1D) andNc(e2D) are densities of states at energies
e6D for an initial state of the surface. The density of sta
at the surfaceNc(e) and the transition matrixumu are possible
to put the constants for first approximation. This restricti
means thatNc(e) is independent of the bulk density of stat
of the conduction band. As shown in Fig. 3, since there
the following relationships betweene and ek , ek5I i2e0

12e and e05eF1F ~where I i is an ionization energy o
Ar1 ions!, Ni(e) is transformed toNi(ek). With the escape
probability P(ek), the intensity of emitted electrons into th
vacuum,N0(ek), is given as follows by usingek :

FIG. 3. Schematic diagram of the secondary electron emission caused b
direct Auger process of ion neutralization.Ni(«k) and N0(Ek) are energy
distributions of liberated electrons in solid and emitted electrons into
vacuum,P(«k) is the escape probability across the surface barrier,Nc(«) is
the electronic density of states at the surface, andI i is the ionization energy
of Ar1 ions.
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N0~ek!}P~ek!Ni~ek!. ~2!

P(ek) was calculated by Hagstrum17 by taking into account
the total refraction of secondary electrons at the surface:

P~ek!5@12$F/~ek2eF!%1/2#/2. ~3!

If Ek is set equal to the energy of escaped electrons
the vacuum,Ek5ek2e0 . Thus, it is recognized that the se
ondary electron intensityN0(Ek) emitted from the surface by
ion neutralization should decrease with increasingF. For
electron incidence, the surface barrier, i.e., the Fermi ene
and the work function,5,6 prevents only the low-energy pa
of secondary electrons from leaving the solid. The essen
difference between electron and ion bombardment is att
uted to a large contribution of bulk electron density pr
cesses for electron impact, while surface processes are
portant for ion impact.

In conclusion, we found that the dependence ofd onF is
opposite between electron and ion bombardment from
simultaneous measurements ofd with F for 30 species of
metals. The reason why thed dependency onF is opposite
between electron and ion impact is not yet clear, but
different behaviors of secondary electron emission have b
discussed on the basis of kinetic and potential emission
seem to be caused by different contributions of bulk a
surface local electron densities through the excitation proc
of secondaries.
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