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A model to describe modification of surface shape and chemical composition of a specimen due to sputtering
in a scanning transmission electron microscope is presented. It employs Monte Carlo simulation of electron
trajectories, molecular dynamics modeling of individual sputtering events and continuum description of the
evolution of surface geometry. Using this model the evolution of an initially flat{001} surface of a thin foil of
Ni3Al is studied. The calculations show the formation of a hole in the foil and the time for perforation is found
to be in excellent agreement with experiment. The sputter cross section of Al atoms is found to be much higher
than that of Ni atoms, indicating preferential sputtering and small concentration of Al atoms at the surface.
This, together with increasing surface area due to the hole formation, explains the preferential Al loss observed
experimentally.
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I. INTRODUCTION

Scanning transmission electron microscopes fitted with
field emission guns(FEG STEMs) are used to perform high
spatial resolution chemical microanalysis of multicomponent
samples, e.g., near grain boundaries of alloys. This is be-
cause in a FEG STEM the electron beam can be focused
down to ,0.5 nm while still retaining sufficient current to
perform x-ray analysis or electron energy loss spectroscopy
to assess the material composition.

There is evidence, however, that under conditions typical
for microanalysis using electron energies between 100 and
300 keV, high beam current density can alter a specimen
during analysis. For example, when using the focused
100 keV high-current-density electron probe in an ultrahigh-
vacuum STEM, Muller and Silcox1 demonstrated the prefer-
ential surface sputtering of Al from intermetallic Ni3Al thin
foil by using energy dispersive x-ray analysis(EDX), and
Bullough2 found the formation of nanometer size voids and
holes in an Al foil. Ozkayaet al.3 observed impurity-
segregation-induced hole drilling at grain boundaries of an
Fe-P alloy under electron irradiation, while Shanget al.4

suggested that the formation of spurious segregation profiles
near grain boundaries in a thin foil of Ni3Al is due to pref-
erential sputtering of Al atoms. Very recently, Mkhoyan and
Silcox5 observed knock-on type damage with ejection of ni-
trogen atoms from a sample of wurtzite InN in a STEM
using a 100 keV electron beam. All these reports suggest that
electron beam damage may be a limiting factor for chemical
microanalysis in a FEG STEM.

On the other hand, the ability to modify the composition
and structure at the surface or in the bulk of a material on a
nanometer scale may have relevance to applications in nano-
technology. For instance, Niwaseet al.6,7 fabricated self-
organized nanostructures on Au, Ag, Cu, Ni, and Fe surfaces
by low-temperature electron irradiation. They observed that
the aligned grooves, nanoholes and hillocks appear on the
electron-exit surface and, after sufficient irradiation, the
grooves and holes penetrate through the foil, finally leading
to the formation of nanoslits or nanoparticles. Banhartet al.8

demonstrated that electron irradiation of single and multi-
shell carbon nanotubes and onions can result in the formation
and self-compression of spherical concentric-shell carbon
onions, originating from a surface tension induced by con-
tinuous loss of atoms owing to sputtering. Recently, Galvan
et al.9 produced carbon nanotubes by irradiating graphite
with high doses of electrons, while Ishimaruet al.10 observed
a crystalline-to-amorphous phase transformation in SiC and
Du et al.11 reported the formation of crystalline Si nanodots
in SiO2 films, both induced by irradiation with 200 keV elec-
trons. These results suggest that electron beam irradiation
may be applied in the fabrication of nanostructures.

In order to develop strategy for overcoming the mi-
croanalysis problem and revealing potential applications, it is
important to understand the processes and mechanisms in-
volved in preferential sputtering and hole formation under
electron irradiation. It is known that high energy electron
beams can cause irradiation damage in the bulk or surface by
either direct “knock-on” displacement or indirectly via elec-
tronic excitations(radiolysis). In both cases the energy trans-
fer process must impart to the lattice atom more than the
“threshold” energy to create permanent displacement. Dam-
age by radiolysis is not significant in metals or alloys under
the conditions studied here and we focus on damage arising
from direct “knock-on” collision between electrons and at-
oms.

The main input parameter into theoretical models of the
mass loss due to sputtering is the atomic sputter cross sec-
tion, s, or the sputtering yield,Y=srs, which is the number
of atoms sputtered per incident electron, wherers is the sur-
face density of atoms. A simple way to estimates is to
calculate the differential Mott cross section of electrons as a
function of either electron scattering angle or nuclear recoil
angle and then integrate it up to the maximum recoil angle
corresponding to the sputtering threshold energy of atoms,
ES.

Bradley12 calculated the atomic sputter cross sections for
all naturally occurring solid elements, assumingES to be
equal to the sublimation energy. In his calculations, a con-
stant value ofES was assumed for an element, independent
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of nuclear recoil angle, so that the actual nuclear recoil
angles were not considered. These calculations are valuable
for understanding the overall behavior of sputtering of solid
elements by electrons, but theoretical treatment of real ex-
periments requires more accurate description. In particular,
to reproduce experimental results on preferential sputtering
and hole formation in alloy samples examined by STEM,
one should account for different sputtering rates of different
atomic species and include:(1) the recoil angle dependence
of ES, (2) actual electron trajectories to obtain distribution of
nuclear recoil energies and angles at the surface, and(3)
displacement of the surface owing to sputtering.

First, ES is dependent on surface orientation relative to
incident electrons, atomic species, the surface sites they oc-
cupy and the recoil direction. This information can be ob-
tained by molecular dynamics(MD), a method used by many
authors.13–15 Second, to determine the recoil energy and di-
rection of atoms at and near the surface, the electron trajec-
tories in a specimen should be incorporated into the model-
ing, and this can be done by the Monte Carlo(MC) method
as documented in the monograph by Joy.16 Third, to describe
the evolution of the shape of an initially flat surface under
electron irradiation, a continuum approach can be employed
and for this we need to derive a differential equation describ-
ing this process.

The paper is organized as follows: In Sec. II we present
the details of the model and then, in Sec. III, describe and
discuss the results obtained for the case of Ni3Al foil. Con-
clusions are drawn in Sec. IV.

II. SURFACE SPUTTERING MODEL

As mentioned above, the sputtering process is controlled
by the atomic sputter cross section. Below in Sec. II A we
present a description for an accurate calculation of the sput-
ter cross sections employing MD data of sputtering in com-
bination with MC simulations of electron trajectories, and
then, in Sec. II B, derive the equation for sputtering-induced
surface movement.

A. Atomic sputter cross section

The atom recoil energy,E8, transferred by a relativistic
electron with energyE through elastic collision is given by17

E8 = Tm sin2Sb

2
D = Tm cos2 u, s1d

where

Tm =
2sE + 2mc2dE

Mc2 , s2d

is the maximum recoil energy,b andu are the electron scat-
tering angle and atomic recoil angle, respectively, both rela-
tive to the electron trajectory before collision,m and M are
the electron and atomic masses, respectively, andc is the
speed of light. The atomic sputter cross section,s, is given
by12

s = 2pE
bmin

p

db sinb
ds

dV
=E

E8ùES

dE8PsE8,EdsE, s3d

whereds /dV is the differential cross section for an electron
to be scattered within a solid angleV corresponding to
atomic recoil energyE8, PsE8 ,Ed is the probability density
for an atom to recoil with energy betweenE8 and E8
+dE8 ,sE=edVsds /dVd is the total cross section of the elec-
tron with energyE, andbmin is the minimum electron scat-
tering angle corresponding to the sputtering threshold,ES.
Obviously,PsE8 ,Ed can be obtained from Eq.(3) as

PsE8,Ed =
1

sE

ds

dV

dV

dE8
. s4d

The differential and total cross sections of an electron(in
cm2/atom) are given by16

ds

dV
= 5.213 10−21Z2

E2S E + mc2

E + 2mc2D2 1

fsin2sb/2d + ag2 ,

s5ad

sE = 5.213 10−21Z2

E2S E + mc2

E + 2mc2D2 4p

as1 + ad
, s5bd

where

a = 3.433 10−3Z0.67

E
, s6d

is the screening factor that accounts for the fact that the
incident electron does not see all of the charge on the nucleus
because of the cloud of orbiting electrons,E is the electron
energy in keV, andZ is the atomic number. Substituting Eqs.
(1), (5a), and(5b) into Eq. (4), one obtains

PsE8,Ed =
as1 + adTm

sE8 + aTmd2 . s7d

The atomic sputter cross sections can easily be calcu-
lated by using Eqs.(3), (5b), and(7), if ES is a single value
and independent of electron trajectories. However, the MD
simulation results presented in Sec. III show thatES is a
function of angleu8 between the recoil direction and surface
normal vector; hence, to calculates accurately, modeling of
electron trajectories is required. It is necessary to decompose
the recoils withE8 into different u8 range for each electron
trajectory so as to count those recoils that contribute to sput-
tering with E8su8dùESsu8d. To do this, we introduce a new
functionpsu8 ,E8 ,êd to account for the probability density for
the recoils withE8 to be withinu8 andu8+du8 for an elec-
tron trajectory with a unit directional vectorê. As illustrated
in Fig. 1, for a givenê, the recoils with energyE8 are re-
stricted by a recoil cone with a unique recoil angleu relative
to ê and all possible recoil directions are along generatrix of
the cone. When the azimuthal recoil anglec rotates around
the cone, however, the recoil angleu8 relative to surface
normal vector changes withc andpsu8 ,E8 ,êd can be easily
determined by choosingc from 0 to 2p with equal prob-
ability. Thus, by employing MD data of sputtering threshold
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energy,ESsu8d, in combination with MC simulations of elec-
tron trajectories, the atomic sputter cross sections can be
calculated by

ssr d =
2p

Jsr dE E dEdf sinf jsr ,E,fd

3FE E
E8su8dùESsu8d

dE8du8PsE8,Edpsu8,E8,êd
sE

cosfG ,

s8d

where Jsr d=2peedEdf sinf jsr ,E,fd is the total flux of
electrons at a unit surface area located atr , jsr ,E,fd is the
flux density of electrons with energy betweenE and E+dE
and the angle betweenê and surface normal vector fromf to
f+df. When there is an anglef betweenê and the surface
normal, the probability of interaction between an electron
and a surface atom becomesrssE/cosf instead ofrssE, and
this is included in Eq.(8). In Eq. (8), the term in square
brackets is the atomic sputter cross section for a given elec-
tron trajectory with valuessE,êd and the integration before
the brackets indicates averaging over different electron tra-
jectories.

The atomic sputter cross sections defined at the specific
surface position by Eq.(8) is dependent on the surface ge-
ometry. For a geometry of the electron-exit surface formed
by sputtering as shown in Fig. 2, the surface outward normal
directionn at any particular point defined by the cylindrical
coordinate systemsz,r ,wd is given by

n =
1

Î1 +S ]z

]r
D2S−

]z

]r
coswi −

]z

]r
sinwj + kD , s9d

where i, j , and k are the unit vectors of a fixed Cartesian
coordinate system used in the single scattering MC model.16

For a collision occurring at the pointsz,r ,wd of the surface,
the recoil is directed into space rather than the specimen
interior if the angle between the recoil and surface normal is
less thanp /2, implying that the sputter cross section in Eq.
(8) depends on the surface slope. This has to be taken into

consideration when calculating the sputter cross section.
In an alloy, the different atomic species have different

sputter cross sections. In the MC simulation electron trajec-
tories were determined by elastic scattering with average
cross sectionsE, given by Eq.(5b) using an average atomic

number, i.e.,Z̄= 3
4ZA+ 1

4ZB for an A3B alloy or compound.16

However,ESsu8d, PsE8 ,Ed, andpsu8 ,E8 ,êd were specific to
the atomic species in the calculation of sputter cross sections.
In this way, the probability of interaction between an electron
and surface atoms in an alloy is the same as in the MC code.

The cross section defined in Eq.(8) accounts for sputter-
ing of surface atoms by direct knock-on collisions. It ne-
glects the subsurface recoils, which are important only when
the electron energy is high enough, such as 600 keV for gold
foils.18 In a FEG STEM the electron energies are typically
,200 keV and thus sputtering by subsurface recoils is insig-
nificant.

B. Sputtering-induced surface movement

In order to exploit the rotational symmetry around the
z-axis of the Gaussian-type intensity profile of the stationary
focused electron probe in a STEM,2 we use a cylindrical
coordinate systemsr ,w ,zd with the origin placed in the beam
center at the electron-entrance surface, and use two dimen-
sional functionzsr ,td to describe the surface position, as
illustrated in Fig. 2.

Now we derive a differential equation for the surface
movement due to sputtering. Consider a binaryAB alloy. At
the beginning of irradiation, the surface composition changes
due to the difference in sputter cross sections of different
atoms. The change of surface concentrationsCA andCB with
time can be expressed by the following continuity equations:

]CAsrd
]t

= − fAsrdCAsrd + vsrd ¹ CA, s10ad

FIG. 1. A schematic diagram of atomic recoil angles relative to
electron trajectory,u, and the surface normal direction,u8, respec-
tively, the azimuthal anglec within a recoil cone, and anglef
between the electron trajectory and surface normal direction.

FIG. 2. A schematic diagram showing thez-r cross section of
the electron-exit surface formed by sputtering.
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]CBsrd
]t

= − fBsrdCBsrd + vsrd ¹ CB, s10bd

where

fAsrd = JsrdsAsrd, s11d

is the partial sputtering frequency, which equals the recipro-
cal mean time required to sputter allA-type atoms from the
surface located atr, andvsrd is the speed of surface motion
along the surface normal direction. In Eqs.(10a) and (10b),
the first term on the right-hand side represents the decrease in
number of atoms due to sputtering, while the second term
accounts for the increase in number of atoms of the same
type arising from emergence of new surface due to surface
movement. The atomic concentration gradient can be ap-
proximated as¹CA=CA

0 /h, whereCA
0 is the concentration of

A-type atoms in the bulk of the specimen andh is the thick-
ness of the monatomic surface layer.

An assumption is made that after a time, the surface com-
position reaches dynamic equilibrium and does not change
with time. In this case, using detailed balance approximation
[i.e., takings]CA/]td=s]CB/]td=0] we obtain the speed of
surface motion in the direction of the surface normal equal to

vsrd = h
fAsrdfBsrd

fAsrdCB
0 + fBsrdCA

0 , s12d

and the quasiequilibrium surface concentrationCAsCA+CB

=1d is

CAsrd =
fBsrdCA

0

fAsrdCB
0 + fBsrdCA

0 . s13d

The equation for the surface motion can be deduced using
simple geometry consideration shown in Fig. 2, and is

]zsr,td
]t

= − vsrd/cosg = − vsrdÎ1 +S ]zsr,td
]r

D2

, s14d

where tang=s]zsr ,td /]rd represents the tangent slope of the
surface curve at timet.

The number of bonds and stoichiometry for the surface
atoms change in the course of sputtering, resulting in change
of binding energy and sputter cross section of atoms. To
account for this, we choose an average sputter cross section
as the mean of the sputter cross section of an atom in the
surface and that of an adatom on the surface. For instance,
for a Ni3Al (001) surface we take the average sputter cross
section of Ni atoms in the alternating Ni-Al mixed(denoted
as “M”) and pure Ni(denoted as “N”) layers as

s̄Nisrd =
2s1srds2srd
s1srd + s2srd

, s15d

wheres1 ands2 are sputter cross sections of Ni in or on the
N layer, respectively. This is because the sputtering fre-
quency of Ni atoms in an M layer is actually determined by
the cross section of the Ni adatom due to fast sputtering of Al
atoms(see Fig. 5 below), converting the remaining Ni atoms
into adatoms on the N layer below. This average sputter
cross section of Ni atoms in Eq.(15) is then applied in Eqs.

(11), (12), and (14) to obtain the average speed of surface
movement along the[001] direction.

Now the framework of the model is established. To model
surface evolution under electron irradiation, we divide the
specimen into a series of concentric cylinders that intersect
the surface in circular annuli described byri. We use MC
simulation of electron trajectories to determine the sputter
cross sections in all these surface sections and the time step
needed to sputter one atomic layer in the center zone, and
then change the surface according to Eqs.(12) and (14). At
each step the surface slope is determined asfzsri+1d
−zsridg / sri+1−rid for eachi, and is used in Eqs.(8) and (9)
to calculate the sputter cross sections atri. The above pro-
cess is then repeated to simulate the surface evolution with
time.

To understand the preferential sputtering in a binary alloy
during irradiation, we need to calculate the number of sput-
teredA- andB-type atoms,NA andNB, or their ratioNA/NB.
The number ofA-type atoms at the electron-exit surface is
given by integration over this surface:

nA =E
S

CAsrdrsds. s16d

It is readily shown that the numbers of sputteredA and B
atoms,NA andNB, obey the relationship

nA + NA

nB + NB
=

CA
0

CB
0 . s17d

Hence, the number ofA atoms sputtered by the timet is
equal to

NAstd = CA
0fNstd + nBg − CB

0nA, s18d

where Nstd is the total sputtered atoms at timet, equal to
sputtered volume divided by the average atomic volume. Ex-
change of subscriptsA andB in this equation provides equa-
tion for NBstd. The sputtering rateSstd and sputtering yield
Ystd averaged over the timet can be obtained by

Sstd = Nstd/t, s19d

Ystd = Sstd/I , s20d

where I is the electron current(i.e., number of electrons
emitted per second).

It should be pointed out that Eq.(10) neglects processes
such as irradiation-enhanced diffusion,19,20 and redeposition
of atoms sputtered from another surface area. To model
electron-stimulated diffusion along a side wall of a hole
formed at the electron-exit surface by sputtering would be a
challenging task, and to account for redeposition it would be
necessary to consider the sputtered atom trajectory, which is
influenced by the neighbors of the sputtered atom at or near
the surface(see MD study by Chernset al.18). These features
would complicate the modeling very significantly. Though
their neglect excludes some detail of surface evolution, such
as void formation by sealing of the hole, the results obtained
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by the present model compare well with experiment and are
valuable for understanding hole formation and preferential
sputtering.

III. RESULTS AND DISCUSSIONS

The model is applied to study the evolution of the initially
flat {001} surface of the ordered Ll2 alloy Ni3Al. We have
studied sputtering events at and near this surface in detail by
MD and the results are summarized in Sec. III A. Our pre-
dictions for surface evolution are presented in Sec. III B and
compared with those of colleagues at the University of Bir-
mingham who have conducted experiments on this system.21

A. MD results of sputtering threshold energy

The many-body potential of Ni3Al derived by Vitek et
al.22 and modified for short range interaction by Gao and
Bacon23 was employed in this study. This potential has been
used to determine displacement thresholds in the bulk of
Ni3Al (Ref. 23) and the results were confirmed by
experiments.24 Figure 3 presents the energy contours calcu-
lated for sputtering of Al atoms in the(001) M layer surface
of a Ni3Al foil for different recoil directions. As can be seen,
ES is almost independent of the azimuthal anglew8 when
u8,70°. Thus, it can be expressed as a function ofu8 as
shown in Fig. 4, which is obtained by averaging the energy
overw8. Es for a Ni atom in the N layer and a Ni adatom on
the N layer are also shown in Fig. 4: the trend is forES to
increase with increasingu8, particularly at largeu8. Interest-
ingly, ES for the Ni adatom is lower than that of a Ni atom in
the N layer whenu8,53° but higher whenu8.53°. This is
because a Ni adatom has less bonds with the other atoms
than an atom in the surface, which makes it easier to be
sputtered at smallu8, whereas at highu8, it glances off the

surface and drags underlying atoms, thus requiring more en-
ergy to escape from the surface.

It is seen from Fig. 4 that the smallestES occurs for re-
coils along the surface normal direction(at u8=0) and is
6.0 eV for both Al and Ni atoms in the(001) surface layer,
which is larger than the sublimation energy of 4.63(Al ) and
4.55 sNid eV in Ni3Al. The smallestES for a Ni adatom on
the N layer surface is 4.5 eV, which is close to the Ni sub-
limation energy but larger than the binding energy of
3.57 eV for the Ni adatom on the N layer surface. Obviously,
the sputter cross-sections determined byES obtained from
MD results will be different from those determined by the
sublimation energy. To see this difference, we take Ni atoms
as an example and assume for simplicity that all electrons
pass through the electron-exit surface along the surface nor-
mal direction so that the recoil energy in Eq.(1) is a simple
function of u8 owing to u8=u. The recoil energy transferred
by 200 keV electrons as a function ofu8 is shown in Fig. 4.
The minimumES that can result in sputter of atoms by elec-
trons can be determined by the crossover points between the
atomic recoil energy and the sputtering threshold energy.
They are 7.58 and 5.85 eV for Ni atom in and Ni adatom on
the N layer surface, respectively, compared with the sublima-
tion energy of 4.55 eV for Ni atoms in Ni3Al. The corre-
sponding sputter cross sectionss calculated by Eq.(3) using
Bradley’s code12 are 49.08, 163.34, and 328.75 barns. The
averages̄ for Ni atoms at the(001) surface can be calculated
by Eq.(15) and it is 75.48 barn, i.e., less than one-quarter of
the value obtained with the sublimation energy. It is therefore
concluded that the dependence ofES on recoil direction has a
significant influence on the atomic sputter cross sections.

B. Surface sputtering and evolution

The sputter cross sections calculated accurately by Eq.(8)
are found to be independent ofr in an initially-flat surface,

FIG. 3. The energy contour(in eV) for sputtering of Al atoms in
the (001) M-layer surface of Ni3Al. The atomic recoil direction is
indicated bysu8 ,w8d, whereu8 is the angle between recoil direction
and surface normal direction(z-axis) and w8 is the angle between
the perpendicular projection of recoil direction on the(001) plane
and the[100] direction (x-axis).

FIG. 4. Sputtering threshold energy as a function ofu8 obtained
by MD simulations for Al, Ni atoms and Ni adatom. The sublima-
tion energyEc of Ni in the Ni3Al and the recoil energyE8 of Ni
atoms transferred by 200 keV electrons are shown by dotted and
dashed lines, respectively. The minimumES that can result in a
sputter of atoms by electrons is determined by the crossover points
between the atomic recoil energy and the sputtering threshold
energy.
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despite the existence of a profile of electron current density
and broadening of the beam at the electron-exit surface. Fig-
ure 5 shows the sputter cross sections of Al and Ni atoms at
this surface for a Ni3Al specimen of 62.5 nm thickness. The
sputter cross sections of Al atoms and Ni adatoms first in-
crease with increasing electron energy, then reach a maxi-
mum before decreasing, whereas those of Ni atoms in the M
or N layers increase monotonously after the electron energy
exceeds a threshold value of 141 keV. A prominent feature
of the figure is that the sputter cross section of an Al atom is
higher than that of a Ni adatom, and much higher than that of
a Ni atom in the surface with either M or N layer outermost.
This is the main reason for the preferential sputtering of Al
atoms observed in experiments.

To understand the change of the sputter cross sections
with increasing electron energy, let us look back at Eq.(3).
The atomic sputter cross section,s, is proportional to the
total scatter cross section of electrons,sE, namelys=ksE,
with a sputter coefficientk=eEs

TmdE8PsE8 ,Ed. Figure 6 gives
the recoil probability densityPsE8 ,Ed as a function of recoil
energyE8, together with the indication of the minimumES
determined by the way shown in Fig. 4 for the case of
200 keV electrons. For a case of 100 keV electrons, because
the maximum recoil energyTm of 4.1 eV for Ni is less than
minimum ES of 4.5 eV for a Ni adatom on an N layer, the
sputter cross section of Ni is zero, indicating thatk=0 if
Tm,ES. The sputter coefficientk increases with increasing
electron energy, because bothPsE8 ,Ed andTm increase with
increasing electron energyE, as seen in Fig. 6 that the curve
for E=200 keV is above that forE=100 keV. The total scat-
ter cross section of electrons,sE, however, decreases with
increasing electron energy owing to the Coulomb nature of
the cross section in Eq.(5b). As a result, the change of the
atomic sputter cross sections with increasing electron energy
is determined by the competition betweenk and sE. Thus,
the initial increase of sputter cross section of Al atoms and
Ni adatoms in Fig. 5 is due to influence ofk, while the
decrease is becausek loses influence owing to the rapid de-

crease ofPsE8 ,Ed at high E8. As can be seen from Fig. 6,
PsE8 ,Ed that contributes to sputtering is around the magni-
tude of 10−5 eV−1 and the magnitude of the maximum recoil
energyTm transferred by several hundred keV electrons is
about 1–10 eV, suggesting that the sputter coefficientk has a
magnitude of 10−5–10−4.

Figure 6 can also explain why Al is sputtered more effi-
ciently than Ni. The sputter coefficientk can be obtained by
integrating fromES to Tm, i.e., from the area underneath the
curve betweenES andTm. It is seen that at the same electron
energy, e.g., 200 keV, this area for Al is much larger than
that for Ni, indicating that the sputter coefficientk of Al is
much larger. This arises because bothPsE8 ,Ed and Tm are
larger for Al than Ni due to the mass and atomic number
difference. The maximum recoil energy of Al is about twice
that of Ni because the mass of Al is approximately half that
of Ni [see Eq.(2)]. This is the main contribution to the dif-
ference in the sputter coefficientk.

The calculated evolution of the electron-exit surface of a
Ni3Al specimen with thickness 62.5 nm under electron irra-
diation is shown in Fig. 7. The Gaussian-type shape of the
electron-exit surface formed by sputtering is due to the pro-
file of the incident electron probe. Figure 8 gives the time
evolution of the film thickness at the cylinder centerr=0 and
the ratio of the number of sputtered Al to sputtered Ni atoms.
As can be seen from the figure, the perforation of the foil due
to sputtering is predicted to take 58 s. Because the atomic
recoil angleu and the electron scattering angleb obey the
relationship 2u+b=p, uøp /2 implies that there is no rede-
position of sputtered atoms at the spotr=0 corresponding to
the center of the electron beam. Thus, the output of the
model in this region can be compared directly with experi-
ment. The change of thickness of this region with time can
be measured in a STEM and, although it is difficult to deter-
mine experimentally the detailed shape change due to fast
sputtering, the time when a hole through a sample is first

FIG. 5. Sputter cross sections versus the electron energy for Al
and Ni atoms at the(001) surface of a Ni3Al foil of 62.5 nm thick-
ness. Ni on the N layer stands for a Ni adatom on the N layer
surface. 1 barn=10−24 cm2.

FIG. 6. The recoil probability densityPsE8 ,Ed as a function of
recoil energyE8 transferred by electrons with energyE. Each curve
is drawn up to maximum recoil energy,Tm, at right end, as indicated
by arrows for the case ofE=200 keV. The minimum sputtering
threshold,ES, determined by the way shown in Fig. 4 is also indi-
cated by arrows for the case ofE=200 keV.
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formed can be estimated. For the same conditions as used in
Fig. 6, the time for the hole formation determined in experi-
ment is about 60 s,21 in excellent agreement with our result
of ,58 s.

As can be seen from Fig. 8, the ratio of sputtered Al to
sputtered Ni atoms decreases with time rapidly up to,5 s
and then more slowly. The preferential sputtering of Al at-
oms is evident from the fact that this ratio is higher than the
bulk Al atomic fraction of 0.25(dashed line in Fig. 8). In the
experiment, the measured ratio of the number of Ni to Al
atoms in the specimen increases with time,21 implying pref-
erential loss of Al atoms, consistent with our results. Figure 7
shows schematically the effective volume,Ve, within the two
long dashed lines, from which the composition of the foil is
measured by the electron probe. The ratio of Ni to Al deter-
mined in experiment can be expressed as

CNi
0 fVe − Vstd − Vsg + nNi

CAl
0 fVe − Vstd − Vsg + nAl

<
CNi

0

CAl
0 +

rsAs

CAl
0 fVe − Vstd − Vsg

,

s21d

whereVstd and Vs are the volumes of sputtered region and
surface layer, respectively,nNi andnAl are the numbers of Ni
and Al atoms at the electron-exit surface, respectively, andAs
is the surface area. To obtain the right-hand side of Eq.(21),
we used Eq.(16) and assumed thatCAl snAld is equal to zero
due to the much larger sputter cross section of Al(see Fig.
5). Equation(21) indicates that the increase of the ratio of
the number of Ni to Al atoms observed in experiment arises
from the second term on the right side, where the numerator
increases due to increased surface areaAs and the denomina-
tor decreases due to sputtering. We therefore conclude that
the preferential loss of Al atoms originates from a much
higher sputter cross section of Al than Ni atoms, together
with the increase of the area of electron-exit surface due to
the hole formation during irradiation.

Figure 9 gives the variation of sputtering rate and sputter-
ing yield with time. During the first few seconds the sputter-
ing rate and yield remain almost constant and after that start
to decrease. This decrease is due to formation of the
Gaussian-type hole shown in Fig. 7, which results in smaller
sputter cross sections at the side wall of the hole than at the
initial planar surface. As already mentioned in Sec. II, the
present model neglects the redeposition process of sputtered
atoms and, hence, gives the upper limits for the sputtering
rate and yield. The sputtering rate determined in the experi-
ment was 620 atoms/s att=70 s when a hole was formed
with 2 nm diameter in the electron-entrance surface and
4 nm diameter in the electron-exit surface.21 This value is
about half the present theoretical estimate, for the reason
already described above.

IV. CONCLUSIONS

A new multiscale model for the description of the surface
sputtering and evolution under electron irradiation in a
STEM has been proposed. It employs MD results of sputter-
ing threshold energies and the MC simulation of electron
trajectories to determine the sputter cross section of atoms at

FIG. 7. Evolution of the shape of electron-exit surface of a
Ni3Al specimen of 62.5 nm thickness irradiated by 200 keV elec-
trons with the beam Gaussian standard deviationd=1.6 nm and
current 2.23 nA. The electron probe is incident on the lower surface
at z=0 and its initial profileGsrd=s1/Î2pddesr2/2d2d is shown in the
inset. Two dashed lines are schematically drawn to show a region of
the effective volume,Ve, detected by the electron probe. The size of
this region at the electron-entrance surface is the same as the elec-
tron beam size while that at the electron-exit surface is broadened
due to scatter of electrons in the film.

FIG. 8. Variation of the film thickness in the beam center and
the ratio of sputtered Al to Ni atoms with time. The dashed line
shows the bulk Al composition in a Ni3Al specimen.

FIG. 9. Variation of sputtering rate and sputtering yield with
time.
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the electron-exit surface. A continuum differential equation
describing the surface evolution due to sputtering has been
derived.

Application of the model to a Ni3Al thin foil with the
{001} surface has revealed hole formation and preferential
sputtering of Al atoms consistent with experiment. The pre-
dicted rate of the hole formation is in good agreement with
experiment.

The sputter cross section of Al atoms has been found to be
much higher than that of Ni atoms, resulting in a reduced
concentration of Al at the surface. This and the increase of
surface area due to hole formation are the two major reasons
for the preferential Al loss observed.

Further development of the model for treating sputtering
phenomena in a FEG STEM would require inclusion of void
formation due to sealing of the hole that first forms at the

electron-exit surface. In particular it would be necessary to
take into consideration the redeposition process of sputtered
atoms as well as the irradiation-enhanced diffusion.
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