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Abstract

Monte Carlo calculation of ion-induced kinetic secondary electron emission was performed to study the target material
dependence of secondary electron images in scanning ion microscopy(SIM) by using focused ion beams, which is different from
that in scanning electron microscopy(SEM). In the calculation, the electron excitation by projectile ions is treated using the
partial wave scattering cross-section of conduction electrons by the ions, and the cascade multiplication process of the excited
electrons is simulated as well as the elastic collision cascade of recoiling target atoms. The calculated secondary electron yields
of Al (Z s13), Cu (Z s29) and Au(Z s79) for 30 and 10 keV Ga ion impacts decrease with increasing atomic number,Z ,q

2 2 2 2

of the materials, whereas those for 1 keV H ions and 10 keV electrons increase withZ . This is consistent with the observedq
2

opposite trend between the SIM and SEM in theZ dependence of secondary electron images. Simultaneous calculation of2

individual elastic and inelastic collisions of the projectile ion, the recoiling target atoms and the excited electrons suggests that
the Z dependence of the secondary electron yield for heavy-ion impact is related to large elastic energy loss of the projectile ion2

and low energy of the excited electrons in the solid.
� 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

In recent years, scanning ion microscopy(SIM) using
focused ion beam(FIB) have demonstrated a unique
imaging capability using the ion-induced secondary
electron emission, which makes it an attractive comple-
ment to secondary electron microscopy(SEM) and
secondary ion imagingw1x. However, it is well known
that the material contrast of the secondary electron image
produced by the FIB differs from that produced by the
SEM. Of relevance to the secondary electron image is
the dependence of the secondary electron yield on the
atomic number,Z , of the target material. The informa-2

tion available to theZ dependence is limited at present.2

The bombardment of metals by H , He , N , O ,q q q q

Ne and Ar ions yields a weakZ -dependence at 30q q
2
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keV w2x, whereas a strongZ -dependence exists for2

Ga ion bombardment of metals. Furthermore, a recentq

experimentw3x has clearly shown that the brightness of
the secondary electron images in the SIM decreases
with increasingZ for Al, Cu, Ag and Au, probably due2

to physical origin; while that in the SEM increases with
Z .2
The ion-induced secondary electron emission can be

ascribed to the processes of potential emission and
kinetic emission. The potential emission occurs due to
the impact of ions with high ionization potential, such
as noble gas ions, through the transfer of the potential
energy to near-surface electrons before the ion hits the
surface. The Ga ion bombardment will not be subjectq

to the potential emission because of its low ionization
potential(;6.0 eV), according to Baragiola’s empirical
formula w2x. After it has hit the surface, the penetrating
ion loses its energy due to elastic and inelastic collisions
in the solid target. The energy transfer from the ions to
the atoms due to the elastic collisions initiates cascade
multiplication process of the recoiling solid atoms,
leading to sputtering. The kinetic electron emission is
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one of the most general consequences of the inelastic
collisions of the ions in the solid. Electrons are excited
as a result of the conversion of kinetic energy of the
ions, the excited electrons undergo cascades of collisions
in the solid, and some electrons escape into the vacuum
before being thermalized, overcoming the surface poten-
tial barrier. Therefore, the kinetic secondary electron
yield varies complicatedly withZ , due to the bulk and2

surface contributions. We have developed a Monte Carlo
simulation code, which treats the bulk and surface
processes of the moving particles(ions, atoms and
electrons). The code allows us to calculate the energy
and angular distributions of the particles, as well as the
total particle yield emitted from the solid. This paper
reports simulation calculations of secondary electron
emission from Al(Z s13), Cu (Z s29) and Au(Z s2 2 2

79) for the impacts of 30 and 10 keV Ga ions, 1 andq

0.3 keV H ions, and 10 and 1 keV electrons. Theq

emphasis is placed on the target material dependence of
the secondary electron yield, and then, the difference
between the secondary electron images in the SIM and
SEM.

2. Monte Carlo simulation code for ion-induced
secondary electron emission

The basic concept of our Monte Carlo code is to
simulate trajectories of projectile ions penetrating into a
solid and of recoiling solid atoms and excited electrons
traveling towards the solid surface with given mean-
free-paths(MFPs) for elastic and inelastic collisions.
The MFP for elastic collisions of projectile ions and
recoil atoms with target atoms is assumed to bel sel
N , as chosen in many Monte Carlo codes for–1y3

sputtering based on the binary collision approximation
w4x; whereN is the atomic density of the solid. Since
one collision takes place in a cylinder of lengthl andel

radius (l pN) , the actual impact parameter isy1y2
el

randomly selected between 0 and(l pN) . They1y2
el

scattering angle is determined using the impact param-
eter according to a fast approximation procedure of
atomic collisions in Ziegler–Biersack–Littmark intera-
tomic potential, derived by Biersack and Haggmarkw5x.
The inverse MFP for electron excitation by various

ions or atoms with velocityv is calculated using the
partial wave expansion of scattering of a conduction
electron by an ion or an atomw6x, i.e.

` `1 3pnv
Ž .Ž . Ž .s 2lq1 2mq1 = 1ycos2d Eµ l F882l yinel 4 2v ls0 ms0F

w xŽ . Ž Ž . Ž ..ycos2d E qcos2 d E yd E ∂m F l F m F
1

1y2Ž . Ž . Ž .= 1yx P x P x dxl m|
y1

Here,d is the phase shift for the scattering of thel,m

conduction electron at the Fermi energyE in theF

potential of the intruding ion or atom at rest, assuming
the impact of slow ions(v<v , v : the Bohr velocity);0 0

P andv are the Legendre polynomials and the Fermil,m F

velocity, respectively.n is the density of homogeneous
electron gas, which is related to a radius,r , of a spheres

that contains one electron, i.e.ns3y(4pr ); in this3
s

calculation,r s2.12, 1.83 and 1.49 in units of the Bohrs

radius for Al, Cu and Au, respectivelyw7x. The phase
shifts are calculated by solving the radial wave equations
for each partial wave with the bound atom potential
obtained by Salvat and Parelladaw8x.
The motions of projectile ions and recoil atoms in the

solid are treated in the same way; the step lengthL is
determined from the total MFP,l , defined as 1yl sT T

1yl q1yl , i.e. Ls–l lnR, where R is a randomel inel T

number. Depending on each of the inverse MFPs, 1y
l and 1yl , either the elastic or inelastic collision isel inel

chosen by using another random number. If the elastic
collision is chosen, the scattering angle and the elastic
energy loss are calculated; the particle changes its
direction of motion and loses its energy discretely. In
each elastic collision process, a new recoil atom is
generated, and then, a recoil collision cascade is simu-
lated. The displacement energy, which the recoil atom
has to receive in order to leave its lattice site, is ignored.
If the inelastic collision is chosen, the particle loses its
energy, taking its directional change into account, and
liberates an electron. The energy of liberated electrons
is equal to the energy loss of the particle due to the
inelastic collision, i.e.DEs2m wv q(v y2)x , which is2

e i F

calculated from a head-on collision of the particle with
the Fermi electronw9x. The initial directional angle of
the electron is calculated using the energy and momen-
tum conservation law according to the classical collision
scheme.
The liberated electrons interact with the solid through

elastic collisions with the solid atoms, and through
inelastic collisions, i.e. excitations of conduction elec-
trons, bulk plasmons, including their successive decay
with excitation of conduction electrons, and inner-shell
electrons, e.g. 2p- and 2s-shells for Al. The MFPs for
excitations of the conduction electrons and bulk plas-
mons are calculated according to Tung and Ritchiew10x,
whereas for excitation of the inner-shell electrons the
MFP (the cross-section) is taken from Gryzinskiw11x.
The elastic MFP is calculated using the screened Ruth-
erford formula where the screening parameter is deter-
mined as a function of the electron energy according to
Fitting and Reinhardtw12x. According to the Monte
Carlo method, the trajectory of each electron is chosen
using a series of random numbers to determine the path
length between collision events, the type of collision
that takes place and the energy loss or scattering angle.
In each inelastic process, secondary electrons are excit-
ed, and as a result, electron cascades are generated. The
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Fig. 1. Secondary electron yields,g andd, of Al, Cu and Au for the
impacts of(a) Ga ions and(b) electrons, respectively, with the ener-q

gy of 10 keV, as a function of apparent surface potential barrier,E .sp

electron cascade model is applied to the secondary
electron emission under electron bombardmentw13x.
The projectile ion, the recoil atoms, and the excited

and the cascade electrons are followed until their energy
falls below the surface binding energyE and the surfaces

potential energyE qF (F: the work function), respec-F

tively, or until they overcome the surface and escape
into the vacuum. The values ofE , E andF used heres F

are as followsw14–16x: for Al, E s3.36 eV,E s11.65s F

eV andFs4.28 eV; for Cu,E s3.52 eV,E s7.03 eVs F

andFs4.65 eV; for Au,E s3.80 eV,E s5.52 eV ands F

Fs5.10 eV. Since the planar surface barrier modelw17x
is adopted, the particles are emitted with reduced energy
in a refracted direction due to the surface binding energy
or the surface potential barrier. In each of the Monte
Carlo calculations conducted here, the electrons and
recoil atoms are generated by normal incidence of 104

ions.

3. Numerical results and discussion

The ion-induced kinetic secondary electron emission
occurs if the projectile ion transfers sufficient kinetic
energy to the conduction electrons to overcome the
surface potential barrier, so that the kinetic secondary
electron emission is subject to an impact energy thresh-
old. To a first approximation, the threshold energy is
conventionally calculated from the condition that the
energy transfer from a projectile ion in a head-on
collision with a nearly free conduction electron is equal
to the surface work function:E s(1y2)m v andv s2

th p th th

(1y2)v w(1qfyE ) y1x, wherem is the projectile1y2
F F p

mass w18x. Thus, for Al, Cu and Au, the threshold
energies per ion mass unit are approximately 154, 270
and 381 eVyamu, respectively; the heavier both the ion
and the target atom are, the higher is the threshold
energy. For the impacts of Ga ions(69.7 amu),q

however, extremely high threshold energies are estimat-
ed: 10.7, 18.8 and 26.6 keV, respectively. This indicates
that no secondary electron is emitted by 10 keV Gaq

ions and very small yield of secondary electrons is
expected for 30 keV Ga ions. On the other hand, someq

experimental observations for the impacts of heavy ions,
e.g. Ar and Xe ions, on clean polycrystalline Auq q

w19,20x have revealed a considerably smaller threshold
energy(10 eVyamu) than the conventional value and
an electron yield of 0.08, which is much larger than the
potential electron yield(;0.02), for 3 keV Ar ionsq

w19x. In the case of Ga ions, few direct excitation ofq

conduction electrons by recoil atoms will contribute to
the total secondary electron yield, because the energy
of the recoil atoms is much lower than that of the
projectile ions: the average energy is 238, 419 and 314
eV for the impacts of 30 keV Ga ions on Al, Cu andq

Au, respectively. One of the electron emission mecha-
nisms below the conventional threshold is the promotion

of core electrons into the vacuum or the conduction
band due to internal Auger processw21x or quasi-
molecule formationw22,23x. The mechanism increases
the number of electrons in the high energy levels in the
conduction band, which decreases the apparent surface
potential barrier for the excited electrons. In this study,
therefore, the surface potential barrier,E , for the impactsp

of Ga ions is taken betweenE qf (emission fromq
F

the bottom of the conduction band) and f (emission
from the top of the conduction band).
Fig. 1 shows the calculated secondary electron yield

of Al, Cu and Au impacted by 10 keV Ga ions andq

10 keV electrons, as a function of the apparent surface
potential barrier. The secondary electron yield for Gaq

ions substantially increases due to the lowering in the
surface potential barrier, whereas for electrons it less
increases. WhenE sf, furthermore, the secondarysp

electron yields of Al and Cu for 10 keV Ga ions areq
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Fig. 2. Depth distributions of inelastic energy loss of(a) Ga ionsq

and(b) electrons in Al, Cu and Au at the impact energy of 10 keV.

Fig. 4. Secondary electron yield,g, ion reflection coefficient,R, and
sputtering yield,Y, of Al (Z s13), Cu (Z s29) and Au (Z s79)2 2 2

due to the impacts of 30 and 10 keV Ga ions, as a function of theq

atomic number,Z , of the target metals.2

Fig. 3. Mean energies of excited electrons in Al(Z s13), Cu (Z s2 2

29) and Au(Z s79) due to the impacts of 10 keV Ga ions, 10 keVq
2

electrons, and 1 keV and 0.3 keV H ions, as a function of the atomicq

number,Z , of the target metals.2

Fig. 5. Secondary electron yield,d, and electron reflection coefficient,
h, of Al (Z s13), Cu (Z s29) and Au(Z s79) due to the impacts2 2 2

of (a) 10 keV and(b) 1 keV electrons, as a function of the atomic
number,Z , of the target metals.2

larger than the values for 10 keV electrons, whereas for
E sE qf, no secondary electrons are emitted. Thesesp F

are due to shallow excitation of electrons by Ga ionsq

(Fig. 2) and low energy of the excited electrons(Fig.
3). However, it should be noted that the order of the
calculated secondary electron yields for both Ga ionsq

and electrons as a function of the atomic number,Z , of2

the materials is independent of the change in the surface
potential barrier betweenE qf andf.F

In Figs. 4 and 5, the secondary electron yields for the
impacts of 30 and 10 keV Ga ions, and 10 and 1 keVq

electrons, respectively, are shown as a function of the
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Fig. 6. (a) Secondary electron yield,g, ion reflection coefficient,R,
and sputtering yield,Y, of Al (Z s13), Cu (Z s29) and Au (Z s2 2 2

79) due to the impacts of 1 and 0.3 keV H ions, as a function ofq

the atomic number,Z , of the target metals.(b) The depth distribution2

of inelastic energy loss of 1 and 0.3 keV H ions in the same speciesq

of the target materials as(a).

atomic number,Z , of the materials. There is clearly2

different Z dependence between Ga ions and elec-q
2

trons; in the calculation,E sf and E sE qf forsp sp F

Ga ions and electrons, respectively. The secondaryq

electron yield depends on the number of excited elec-
trons and the fraction of the electrons reaching the
surface with enough energy to overcome the surface
potential barrier; the former is closely related to the
inelastic energy loss of the projectile particle in the
solid. The reflection of the projectile particles from the
surface decreases the secondary electron yield for two
reasons; one is the decrease in the traveling path where
the particles excite electrons, and the other is the
reflection immediately after incidence without exciting
electrons. Large reflection coefficients of heavy metals
for projectile electrons results in the decrease in the
secondary electron yield. For the impact of 10 and 1
keV electrons, however, the large increase in the sec-
ondary electron yield with increasingZ is calculated2

due to the strong decrease in the penetration depth(or
projected range) of projectile electrons, which results in
frequent excitation of electrons near the surface, as
shown for 10 keV electrons in Fig. 2. On the other
hand, the electron excitation by Ga ions is localizedq

in the near-surface layer of less than 20 nm where the
excited electrons are easy to escape from the surface.
Therefore, the strong decrease in the secondary electron
yield for Ga ions with increasingZ is due to both theq

2

decrease in the number of electron excitation events and
the lowering in the energy of the excited electrons. For
the impact energy of 10 keV, the mean energy of
electrons excited during the penetration of Ga ionsq

into the solid is approximately 10 eV, which decreases
with increasingZ and is much smaller than that for2

electron impact(Fig. 3). The lowering in the excitation
energy limits the number of electrons to overcome the
surface potential barrier and be emitted into the vacuum.
Furthermore, the low excitation energy comparable to
the surface potential energy results in the high projectile
energy for the conventional threshold of kinetic second-
ary electron emission.
For the impact of Ga ions(Fig. 4), there are muchq

larger sputtering yields and smaller reflection coefficient
in comparison with light(H ) ions (Fig. 6a). These areq

due to, by one or two orders of magnitude, larger elastic
energy loss of the heavy ions, which increases with
increasingZ of the materials. The large elastic energy2

loss causes the penetrating ions to lose their energy
quickly. Since the energy of excited electrons,DE,
decreases with decreasing ion energy(or velocity v ),i
the large energy loss of the ions in their traveling path
results in the lowering in the energy of excited electrons.
Therefore, the secondary electron yield for Ga ionsq

decreases with increasingZ , whereas the sputtering2

yield increases; the reflection coefficients of Ga ionsq

is much smaller than those for the light(H ) ions andq

electrons.
For the impact of light ions, such as H , the second-q

ary electron yield shows rather weak dependence onZ ,2
as shown in Fig. 6a. Except for low energy(-1 keV),
the projectile H ions lose their energy mainly due toq

the electron excitation(i.e. inelastic energy loss) and
the ion range is larger than the escape depth of excited
electrons, in the same way as the case of the electron
impact (Fig. 2b). In comparison to Fig. 6b with Fig.
2b, however, the depth distribution of the inelastic
energy loss of H ions does not clearly change due toq

change inZ , so that the secondary electron yield shows2

weak dependence onZ .2
For very low energy(0.3 keV) approaching the

conventional threshold, where the inelastic energy loss
of H ions is comparable to the elastic energy loss, theq

calculated secondary electron yield for H ions decreas-q

es with increasingZ , due to the increase(decrease) in2

the elastic(inelastic) energy loss of the projectile ions.
In addition to the low energy of excited electrons(Fig.
3), theZ dependence will be caused by the increase in2



13K. Ohya, T. Ishitani / Surface and Coatings Technology 158 –159 (2002) 8–13

the reflected projectiles due to the large reflection
coefficient for H ions.q

4. Conclusions

The atomic number(Z ) dependence of secondary2

electron images in the SIM, which is different from that
in the SEM, was investigated by Monte Carlo simula-
tions for ion-induced and electron-induced secondary
electron emission. The Monte Carlo code simulates
trajectories of projectile ions penetrating into a solid and
of recoiling solid atoms and excited electrons traveling
towards the solid surface with given mean-free-paths
(MFPs) for elastic and inelastic collisions. The calcu-
lated secondary electron yields of Al(Z s13), Cu2

(Z s29) and Au(Z s79) for 30 and 10 keV Ga ionq
2 2

impacts decrease with increasingZ , whereas those for2

10 and 1 keV electrons and 1 keV H ions increase.q

The observed opposite trend between the SIM and SEM
in theZ dependence was simulated by our Monte Carlo2

calculation for the first time. Simultaneous calculation
of individual elastic and inelastic collision processes of
the projectile ion, the recoiling target atoms and the
excited electrons revealed that theZ dependence of the2

secondary electron yield is related to the elastic energy
loss of the projectile ion, the electron excitation cross-
section and the energy of excited electrons in the solid.
As observed for 27 species of metals with H , Heq q

and Ar ions at high energies(P100 keV) by Hassel-q

kamp et al.w24x, however, the detailed periodic structure
will be superimposed on the monotonous change in the
secondary electron yield with three target materials used
for calculation. Furthermore, the periodic changes in the
secondary electron yield of 30 species of metals for the
impacts of 10 keV electrons and 3 keV Ar ions wereq

measured, which indicates an interesting oscillations of
the secondary electron yields in opposite phases between
Ar ions and electronsw25x. Therefore, detailed studiesq

of the Z dependence, including the periodic structure,2

of the secondary electron yield will be done with further
calculation and discussion with more target species.
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