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Introduction 

The rapid technical development of FIM (Focused Ion Beam) 
technology has spawned an increase in spatial resolution capability 
in scanning ion microscopy (SIM) technology1. Furthermore, FIM 
has been used for preparation of thin specimens in transmission 
electron microscopy2 and micro-fabrication of electronic devices 
in the semiconductor industry3. Recently, a scanning ion micro-
scope with a helium field ion source has been developed4. Thus, 
the contrast formation of emission electron images in scanning ion 
microscopy has been the object of study for analyzing images of 
materials specimens, similar to the theory behind scanning electron 
microscope (SEM) contrast formation5,6,7. Furthermore, whether 
the electron emission yield γ induced by ion impact is periodic or 
non-periodic as a function of Z2 (the atomic number of the target) 
has not been well studied in the low energy region from several keV 
to the several tens of keV values used in SIM. Thus, in the present 
article, comprehensive experiments on γ as a function of atomic 
number Z2 and the electronic structures of target metals have been 
performed for a number of metals for incident beams of 10 keV 
electron, 3 keV Ar+- and 30 keV Ga+-ions. The Z2 oscillation of γ 
shows the anti-phase relationship between electron and Ar+-ion 
impact and a different behavior for Ga+-ion impact. The origins 
of these effects are discussed based on different mechanisms of 
electron emission for these projectiles. 
Experiment 

One of the tools used in this experiment is a scanning Auger 
electron microscope (JAMP-7800F) with a back pressure of 7x10-8 
Pa installed with a hemi-spherical electron energy analyzer, a sec-
ondary electron detector system, consisting of a scintillator and a 
photo-multiplier tube, and an Ar+-ion gun with a beam diameter 
that is variable from 0.1 to several mm. The other tool used is a 
scanning Ga+-ion microscope (Micron-9000) with a detector system 
composed of an annular micro-channel plate ,which is mounted 
coaxially with the incident beam and can be biased for detecting 
either positive or negative particles. Secondary electron yields are, 
in general, far larger than those of the secondary negative ions, so 
negative particle imaging is essentially electron imaging. The ener-
gies of the electron and Ar+ ion beams of the JAMP-7800F were 10 
keV and 3 keV, respectively, and the energy of Ga+-ion beam of the 
Micron-9000 was 30 keV. 

Secondary electron yields were measured from the integrated 
intensities of the secondary electron spectra in an energy range 
from 0 to 30 eV for the JAMP-7800 and from the output signals 
of the micro-channel plate for the Micron-9000. The secondary 
electron yields obtained in this study are therefore relative values 
in each experiment, because the experimental arrangements of the 
secondary electron detectors differ. 
Experimental results 

Strips of several metal films of 1µm thickness and 0.1~1 mm 
width were deposited on a Si(100)2×1 clean surface in the order of 
Z2. The target films were Al, Cu, Ag, and Au metals with a similar 

electronic structure. Fig.1(a) shows the secondary electron im-
age obtained by the JAMP-7800F using a 10 keV electron beam. 
Brightness increases with Z2. Whereas Fig.1(b) shows the secondary 
electron image obtained by the Micron-9000 using a Ga+-ion beam 
at 30 keV and shows the brightness decreasing with increasing Z2. 
Fig.1(c) shows the secondary electron image obtained by the JAMP-
7800F using an Ar+-ion beam at 3 keV and the brightness decreases 
with increasing Z2 similar to that of the Ga+-ion impact. 

Fig. 1  Scanning images of samples of Al, Cu, Ag, and Au strip films 
deposited on Si clean surfaces; (a) a secondary electron image by 10 keV 
electrons, (b) an electron emission image by 30 keV Ga+-ion, and (c) an 
electron emission image by 3 keV Ar+-ion. The contrast changes with Z2 
dependent on the type of projectiles are discussed in the text. . 

Fig. 2  Secondary electron spectra obtained by (a) 10 keV electrons, and 
(b) 3 keV Ar+-ions for several metals. A bias potential -5 V was applied to 
the samples. The order of magnitude of the integrated intensities for the 
secondary electron spectra for the metals are opposite between electron 
and ion impact. On the other hand, the work function Φ measured from 
the onset energies of the secondary electron spectra shows the same values 
between electron and Ar+-ion impact. 
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On the other hand, the Z2 dependences of γ for 30 different 
metals were measured using incident beams of 10 keV electron, 3 
keV Ar+-ion and 30 keV Ga+-ions. The specimens are polycrystal-
line pure metals prepared by Geller Analytical Laboratory. The 
secondary electron spectra obtained by the hemi-spherical electron 
energy analyzer are shown in Fig.2(a) and (b) for incident beams of 
10 keV electron and 3 keV Ar+-ions. A bias potential of -5 V was 
applied to the specimens. The order of magnitude of the integrated 
intensities among the metals are opposite between electron and Ar+-
ion impact. On the other hand, the values of the work function Φ 
measured by the onset energies of the secondary electron spectra 
are almost the same between electron and Ar+-ion impact. 

  Fig.3(a) shows the Z2 oscillation of γ for 30 species of metals 
for 10 keV electrons. We can observe three peaks at approximately 
Z2 = 30, 50 and 80 and three minima at positions of alkali metals. 
On the other hand, for Ar+-ion impact in Fig. 3(b) the Z2 oscilla-
tion is almost the anti-phase of that of the electron impact and γ 
decreases with increasing Z2. The peaks of γ in the Ar+-ion impact 
locate at valleys of the electron impact. Fig.3 (c) shows a relationship 
between γ and Z2 for Ga+-ion impact but the oscillation is not as 
clear as it was for the electron and Ar+-ion impact. 

Fig.4 shows the Z2 oscillation of Φ obtained from the electron 
emission spectra. The oscillation of Φ measured in this experiment 
agrees with that of Table 8 measured by other methods. Here, we 
should notice that the Z2 oscillation of Φ in Fig.4 shows a similar 
oscillation to that of γ for electron impact, but is anti-phase of 
that for Ar+-ion impact. This fact indicates that the relationships 
between γ and Φ are opposite for electron and Ar+-ion impact and 
different again from that of Ga+-ion impact. Fig.5 (a)-(c) show the 
relationships between γ and Φ for three projectiles. The data are 
largely scattered by the effects of other parameters, however we can 
recognize that γ increases with Φ in (a), decreases with increasing 
Φ in (b), and has no correlation with Φ in (c). The different depen-
dencies between γ and Z2 and γ and Φ among the three projectiles 
is discussed in the next section. 
Discussion 

The mechanisms of electron emission induced by charged 
particles are not simply dependent on the type of projectiles and 
energy as described by Hasselkamp9. The process is divided into 
two types; (1) kinetic emission (KE) and (2) potential emission 
(PE). The potential emission does not require any kinetic energy for 
the projectile and is often dominant at very low impact energies—
less than several eV 10,11. For kinetic emission, there is a threshold 
velocity Vth to emit a conduction electron into the vacuum. The 
threshold velocity to eject a Fermi-electron with a velocity of VF 

(~1x106 m/s) from the solid to the vacuum is calculated by the 
following equation12,13,14 and approximately 1 keV for He+-ion, 10 
keV for Ar+-ion and 30 keV for Ga+-ion. 

Vth=(1/2)VF[(1+W/EF)1/2 – 1] ,                                     (1) 
where W and EF are the work function and the Fermi energy of 
target metal. 

For energies higher than the threshold, electrons can be emitted 
by direct energy transfer due to the collisions between projectiles 
and conduction electrons and this process is called “electron Kinetic 
Emission”, eKE. Sternglass. 15 Baragiola et al.12,13 presented semi-
empirical equations for eKE. According to their equations , γ is a 
function of three factors; (1) an inelastic stopping power (dE/dx)e 
of the projectile16, (2) the mean free path of the liberated electrons 
in a solid, and (3) an escape probability of the librated electrons 
from the surface into the vacuum. All three processes depend on the 
material’s parameters in different respects. Therefore, it is impossible 
to express γ as a function of one parameter and the γ of the cascade 
process should be calculated by Monte Carlo simulation 17. 

For eKE, the stopping power Se is the most important factor 
and is related to the number density, N 16. Furthermore, for metals 
Se relates to the electron density of conduction band n, and connects 
to the Fermi energy EF and the work function Φ. Such correlations 
were already pointed out by Baroody18 and Dekker19 a half-century 
ago and they showed theoretically that γ for electron impact is 
proportional to E½

F or Φ½. In the present experiment, however, we 
found that γ for electron impact increases roughly with Φ as shown 

Fig. 3  Z2 dependences of the secondary electron yield γ for (a) 10 keV electron, (b) 3 keV Ar+-ion, and (c) 30 keV Ga+-ion impact. The Z2 oscillations 
are the anti-phase between electron and Ar+-ion impact and the behavior of Ga+-ion impact is different from those of electron and Ar+-ion impact.    

Fig.4  The relationship between the work function Φ and Z2 obtained 
by this experiment. The data agree with Table 8. The Z2 oscillation of Φ is 
similar to that of γ for electron impact. 
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in Fig.5(a) based on the electron density of the target metal. This 
correlation seems to be contrary to common knowledge on electron 
emission when only considering escape potential. 

Z2 oscillation similar to the present experiment for electron 
impact was observed for H+, H2

+, and H3
+ ion impacts at 100 keV/

proton for 27 species of metals in ultrahigh vacuum by Hippler et 
al 20 and recently in helium ion microscopy at 20 keV by Morgan 
et al.4. These facts indicate that the electron emission mechanism 
by particles with high velocities is originated by eKE. 

For Ar+-ion impact, the projectile energy in this experiment 
is lower than the threshold, therefore electrons cannot be emit-
ted by eKE. In this case, the most probable mechanism may be 
PE. The ionization potential of the Ar+-ion, Ii , is 16 eV, therefore 
electrons can be emitted by an Auger neutralization process. As to 
PE, Kishinevskii21 and Baragiola22 reported that emission yield γ 
is proportional to the maximum emission energy, Ii-2Φ. Thus, we 
make a graph of Ii-2Φ vs. Z2 and show it in Fig. 6. The Z2 oscillation 
of Fig. 6 is similar to that of Fig.3 (b) and is anti-phase to that of 
the electron impact. This fact proves that the electron emission by 
Ar+-ion impact is mainly caused by PE.

On the other hand, in Ga+-ion impact at 30 keV, the projectile 
energy is comparable to the threshold and the ionization potential 
of the Ga+ ion is 6 eV. This value is less than 2 Φ for a lot of metals. 
Therefore, electron emission is impossible by PE. As to the electron 
emission induced by ions with low energies and low ionization 
potentials, two mechanisms were proposed in KE.23

(1)	 The creation of the quasi-molecules composed of the 
projectile and the target atom in which some electronic levels 
may be strongly promoted to higher orbital energies and thus 
gives rise to electron emission in the subsequent de-excitation 
steps. This excitation mechanism is called “promotion Kinetic 
Emission”, pKE. 24, 25

(2)	 The excitation of the localized valence band electrons at the 
surface due to ion-electron collisions with the sub-threshold energy 26,27.

For electron emission in (2), γ shows the smooth exponential 
decay toward the low energy side caused by the smoothing of the 
surface potential and the decrease of the surface barrier less than 
Φ by means of interactions between projectiles and valence band 
electrons. This mechanism was labeled as “surface-assisted Kinetic 
Emission”, sKE.23 

In Fig.3(c) for Ga+-ion impact, the peak positions are not clear, 
therefore the determination of the electron emission mechanism 
is impossible only from the Z2 oscillation. The peak positions of 
e-KE exist approximately at 30, 50, and 80, while Z2 positions 
where the outermost p-levels of the target atoms match with the 

the electron levels of the projectiles may be shifted largely from the 
Z2 positions of e-KE. Hofer et al.28 measured the shift of Z1 (atomic 
number of the projectile) oscillation for different metals and insisted 
that the maxima of the oscillatory structures were related to the 
level-matching of the quasi-molecular promotion. This occurrence 
strongly supports pKE. However, by our experiments, at energies 
from 1keV to 30 keV, γ for Ga+-ion impact decreases continu-
ously with projectile energy and there is no cut off energy on the 
low energy side. Since the kinetic energy of the projectile for pKE 
must be several keV for the promotion of quasi-molecules 23, it is 
reasonable to consider that the main process of electron emission 
for Ga+-ion impact is to be s-KE. 

For electron emission induced by ions with sub-threshold 
energies, several papers reported that calculated values of the 
threshold energies are higher than those of the experiment29 and 
practical potential barriers across the surface are lower than the 
work function30. The mechanisms of Z2 oscillation for projectiles 
with sub-threshold energies are very complicated and cannot be 
decided from the Z2 oscillation only. Thus, we can understand that 
the identification of materials from the contrast observed in the 
scanning Ga+-ion microscope images is very difficult compared to 
those of SEM images. A number of papers were published in the 
last decade on the study of electron emission induced by particles, 
however no full explanation of the observed Z2 oscillations is avail-
able at present. Measurements of γ for ion impact at low energies are 
lacking, but would be of considerable interest. The projectiles and 

Fig.6 The values of Ii – 2Φ are plotted as a function of Z2. The Z2 
oscillation of Ii –2Φ is similar to that of Fig.3(b). This fact implies that γ 
for Ar+-ion impact is caused by PE.     

Fig.5  The relations between γ and Φ, (a)electron impact, (b) Ar+-ion impact , and  (c) Ga+-ion impact. The data are largely scattered, but γ increases 
with Φ in (a), decreases with increasing Φ in (b), and shows no correlation with Φ in (c). 
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energies used in this experiment were chosen arbitrarily, therefore 
the fact that all mechanisms of the three projectiles are different 
from each other is accidental. 
Conclusion 

Contrast mechanisms of scanning electron and ion microscope 
images for metals are studied for projectiles of 10 keV electron, 3 
keV Ar+-ion, and 30 keV Ga+-ions. The Z2 dependence of γ shows 
that different behaviors depending on the type of projectiles and 
energies occur. For electron impact, the emission is caused by e-KE 
and γ increases with the density of the valence band electrons and 
increases roughly with Φ or the electron negativity of the metal 31. 
While for Ar+-ion impact, electron emission is caused by PE and the 
relationships between γ and Z2 and γ and Φ are opposite to those 
for electron impact. For Ga+-ion impact, these relationships are not 
as distinct as those for electron and Ar+-ion impact and the most 
reliable mechanism for Ga+-ion impact may be s-KE. 

Lastly, we would like to suggest that an investigation of the Z2 
oscillation of γ is one of the most important factors to study to pin 
down the mechanism of electron emission dependencies on the 
type and energies of projectiles.    
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