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Multiscale modeling of surface sputtering in a scanning transmission electron microscope
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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{f@tl} surface of a thin foil of
NisAl 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 demonstrated that electron irradiation of single and multi-
Scanning transmission electron microscopes fitted wittshell carbon nanotubes and onions can result in the formation

field emission gun¢FEG STEMS are used to perform high and self-compression of spherical concentric-shell carbon

spatial resolution chemical microanalysis of multicomponenions, originating from a surface tension induced by con-
inuous loss of atoms owing to sputtering. Recently, Galvan

samples, e.g., near grain boundaries of alloys. This is bl 9 ) = ;
cause in a FEG STEM the electron beam can be focuseft al- produced carbon nanotubes by irradiating graphite

down to ~0.5 nm while still retaining sufficient current to With high doses of electrons, while Ishimagtial *° observed

perform x-ray analysis or electron energy loss spectroscopg crytstalllllllne—to—?néotrﬁh?us p?ase tfransf?rlrlr]atlosn n S'% a;nd
{0 assess the material composition. Du et al reported the formation of crystalline Si nanodots

n SiO, films, both induced by irradiation with 200 keV elec-

Th(_ere IS eV|d.ence_, however, that uncjer conditions typlcalrons. These results suggest that electron beam irradiation
for microanalysis using electron energies between 100 anﬁ,]ay be applied in the fabrication of nanostructures.

3OQ keV, h'gh. beam current density can {:llter a SPeCimen 1, order to develop strategy for overcoming the mi-
during analysis. For example, when using the focuseq oanalysis problem and revealing potential applications, it is
100 keV high-current-density electron probe in an ultrahighmportant to understand the processes and mechanisms in-
vacuum STEM, Muller and Silcdxdemonstrated the prefer- yolyed in preferential sputtering and hole formation under
ential surface sputtering of Al from intermetallic Al thin  ejectron irradiation. It is known that high energy electron
foil by using energy dispersive x-ray analysEDX), and  peams can cause irradiation damage in the bulk or surface by
Bullougl? found the formation of nanometer size voids andeither direct “knock-on” displacement or indirectly via elec-
holes in an Al foil. Ozkayaet al® observed impurity- tronic excitationgradiolysi9. In both cases the energy trans-
segregation-induced hole drilling at grain boundaries of arfer process must impart to the lattice atom more than the
Fe-P alloy under electron irradiation, while Shaegal?  “threshold” energy to create permanent displacement. Dam-
suggested that the formation of spurious segregation profilesge by radiolysis is not significant in metals or alloys under
near grain boundaries in a thin foil of Mil is due to pref- the conditions studied here and we focus on damage arising
erential sputtering of Al atoms. Very recently, Mkhoyan andfrom direct “knock-on” collision between electrons and at-
Silcox® observed knock-on type damage with ejection of ni-oms.
trogen atoms from a sample of wurtzite InN in a STEM The main input parameter into theoretical models of the
using a 100 keV electron beam. All these reports suggest thatass loss due to sputtering is the atomic sputter cross sec-
electron beam damage may be a limiting factor for chemication, o, or the sputtering yieldY =op,, which is the number
microanalysis in a FEG STEM. of atoms sputtered per incident electron, wheyés the sur-

On the other hand, the ability to modify the compositionface density of atoms. A simple way to estimateis to
and structure at the surface or in the bulk of a material on &alculate the differential Mott cross section of electrons as a
nanometer scale may have relevance to applications in nanéinction of either electron scattering angle or nuclear recoil
technology. For instance, Niwasat al®’ fabricated self- angle and then integrate it up to the maximum recoil angle
organized nanostructures on Au, Ag, Cu, Ni, and Fe surfacesorresponding to the sputtering threshold energy of atoms,
by low-temperature electron irradiation. They observed thaEs
the aligned grooves, nanoholes and hillocks appear on the Bradley? calculated the atomic sputter cross sections for
electron-exit surface and, after sufficient irradiation, theall naturally occurring solid elements, assumikg to be
grooves and holes penetrate through the foil, finally leadingequal to the sublimation energy. In his calculations, a con-
to the formation of nanoslits or nanoparticles. Banleaml®  stant value ofEg was assumed for an element, independent
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of nuclear recoil angle, so that the actual nuclear recoil - - do o
angles were not considered. These calculations are valuable ¢ =27 dgsin ﬁﬁ =] dE P(E',E)oe, (3)
for understanding the overall behavior of sputtering of solid Proin E'=Es

elements by electrons, but theoretical treatment of real exyheredo/d(Q is the differential cross section for an electron
periments requires more accurate description. In particulakg pe scattered within a solid angle corresponding to
to reproduce experimental results on preferential sputteringtomic recoil energyE’, P(E',E) is the probability density
and hole formation in alloy samples examined by STEM.,for an atom to recoil with energy betwee’ and E’
one should account for different sputtering rates of different; dE’, oe=SdQ(da/dQ) is the total cross section of the elec-
atomic species and includgt) the recoil angle dependence o with energyE, and B, is the minimum electron scat-
of Es, (2) actual electron trajectories to obtain distribution of taring angle corresponding to the sputtering threshilg,

nuclear recoil energies and angles at the surface,(@nd  opyiously, P(E’,E) can be obtained from Eg3) as
displacement of the surface owing to sputtering.

First, Eg 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 dynami¢¥D), a method used by many The differential and total cross sections of an electfion
authorsi>-15 Second, to determine the recoil energy and di-C/atom are given by®
rection of atoms at and near the surface, the electron trajec- 2 2

o ; . : o Z?[ E+mc 1
tories in a specimen should be incorporated into the model- — =5.21x% 1021—2< ) - 3
ing, and this can be done by the Monte Cai¢C) method dQ E?\E+2mc*/ [Sir(/2) + a]
as documented in the monograph by J¥hird, to describe (53
the evolution of the shape of an initially flat surface under
electron irradiation, a continuum approach can be employed ZZ( E +md )2 A

i i i i i ib- =5.21x 10 ,
and for this we need to derive a differential equation describ OE E2\E+2md) a(l+a)

_1dodo

P(E',E) = .
EB= dade

(4)

(5b)
ing this process.

The paper is organized as follows: In Sec. Il we presentvhere
the details of the model and then, in Sec. Ill, describe and 067
discuss the results obtained for the case gfANfoil. Con- a=3.43% 10—32_, (6)
clusions are drawn in Sec. V. E

is the screening factor that accounts for the fact that the
Il. SURFACE SPUTTERING MODEL incident electron does not see all of the charge on the nucleus

As mentioned above. the SoUMtering process is controlle(gecause of the cloud of orbiting electromsjs the electron
. ’ put g proce nergy in keV, and is the atomic number. Substituting Egs.
by the atomic sputter cross section. Below in Sec. Il A we

present a description for an accurate calculation of the spuf—l)’ (53, and(5b) into Eq. (4), one obtains

ter cross sections employing MD data of sputtering in com- , al+a)T,
bination with MC simulations of electron trajectories, and P(E"E)=—, 2 (7)
; . i S (E' + aTy)
then, in Sec. Il B, derive the equation for sputtering-induced
surface movement. The atomic sputter cross sectioncan easily be calcu-

lated by using Eqs3), (5b), and(7), if Egis a single value
and independent of electron trajectories. However, the MD
simulation results presented in Sec. lll show tatis a
The atom recoil energyE’, transferred by a relativistic function of angled’ between the recoil direction and surface
electron with energ¥ through elastic collision is given BY  normal vector; hence, to calculateaccurately, modeling of
electron trajectories is required. It is necessary to decompose
the recoils withE’ into different ¢’ range for each electron
trajectory so as to count those recoils that contribute to sput-
tering withE’(8')=Eg(#’'). To do this, we introduce a new
where functionp(¢’,E’,€) to account for the probability density for
the recoils withE’ to be within ' and 8’ +d6¢’ for an elec-
T 2(E+2md)E ) tron trajectory with a unit directional vect@ As illustrated
m= Mc? ’ in Fig. 1, for a giveng, the recoils with energy§’ are re-
stricted by a recoil cone with a unique recoil angleslative
is the maximum recoil energy§ and @ are the electron scat- to € and all possible recoil directions are along generatrix of
tering angle and atomic recoil angle, respectively, both relathe cone. When the azimuthal recoil angleotates around
tive to the electron trajectory before collisiomandM are  the cone, however, the recoil angi relative to surface
the electron and atomic masses, respectively, @isl the  normal vector changes witft andp(6',E’,&) can be easily
speed of light. The atomic sputter cross sectionis given  determined by choosing from 0 to 27 with equal prob-
by'? ability. Thus, by employing MD data of sputtering threshold

A. Atomic sputter cross section

E’ :Tmsin2<§> =T,,cos 6, (1)
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FIG. 1. A schematic diagram of atomic recoil angles relative to
electron trajectoryp, and the surface normal directio#,, respec-
tively, the azimuthal angle/ within a recoil cone, and angle
between the electron trajectory and surface normal direction.

v

energy,E4#'), in combination with MC simulations of elec- P
tron trajectories, the atomic sputter cross sectonan be o ) .
calculated by FIG. 2. A schematic diagram showing tlze cross section of

the electron-exit surface formed by sputtering.
21 L
olr)= J(r)f f dEds sin #i(r.E.¢) consideration when calculating the sputter cross section.
In an alloy, the different atomic species have different
x{f f dE'd6’' P(E',E)p(@',E',®) = ., Sputter cross sectio_ns. In the MC simulatio_n elegtron trajec-
E'(¢')>Eq(6) cos¢ tories were determined by elastic scattering with average
®) cross sectionrg, given by Eq.(5b) using an average atomic
o _ number, i.e.Z:EZA+%ZB for an A;B alloy or compound?®
where J(r)=2m[ [dEd¢ sin¢ j(r,E, ) is the total flux of  However,E4¢'), P(E’,E), andp(#’ ,E’,&) were specific to
electrons at a unit surface area located,gtr ,E, ¢) is the  the atomic species in the calculation of sputter cross sections.
flux density of electrons with energy betweBrand E+dE  |n this way, the probability of interaction between an electron
and the angle betweednand surface normal vector fropito  and surface atoms in an alloy is the same as in the MC code.
¢+d¢. When there is an angkg betweenre and the surface The cross section defined in E@) accounts for sputter-
normal, the probability of interaction between an electroning of surface atoms by direct knock-on collisions. It ne-
and a surface atom becomeg/cos¢ instead ofpsog, and  glects the subsurface recoils, which are important only when
this is included in Eq(8). In Eq. (8), the term in square the electron energy is high enough, such as 600 keV for gold
brackets is the atomic sputter cross section for a given elegoils.® In a FEG STEM the electron energies are typically
tron trajectory with value¢E,&) and the integration before ~200 keV and thus sputtering by subsurface recoils is insig-
the brackets indicates averaging over different electron tranificant.
jectories.
The atomic sputter cross sectiondefined at the specific o
surface position by Eq8) is dependent on the surface ge- B. Sputtering-induced surface movement
ometry. For a geometry of the electron-exit surface formed In order to exploit the rotational symmetry around the
by sputtering as shown in Fig. 2, the surface outward normat-axis of the Gaussian-type intensity profile of the stationary
directionn at any particular point defined by the cylindrical focused electron probe in a STE\we use a cylindrical
coordinate systertz, p, ¢) is given by coordinate systertp, ¢, 2) with the origin placed in the beam
center at the electron-entrance surface, and use two dimen-

n= ;2(_ 7 cosgi — 7z singj + k), (9) §iona| fungtionz(p,t) to describe the surface position, as
1+ 9z ap illustrated in Fig. 2.
ap Now we derive a differential equation for the surface

movement due to sputtering. Consider a binABalloy. At
wherei, j, andk are the unit vectors of a fixed Cartesian the beginning of irradiation, the surface composition changes
coordinate system used in the single scattering MC m¥del. due to the difference in sputter cross sections of different
For a collision occurring at the poiriz, p, ¢) of the surface, atoms. The change of surface concentrati@agnd Cg with
the recoil is directed into space rather than the specimetime can be expressed by the following continuity equations:
interior if the angle between the recoil and surface normal is Calp)
less thansr/2, implying that the sputter cross section in Eq. A\P) _ _
(8) depends on the surface slope. This has to be taken into =~ TalPICalp) +u(p) V Cp, (109
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dCg(p) (12), (12), and (14) to obtain the average speed of surface
o - 1e(P)Calp) +u(p) V Ce, (10 movement along thg001] direction.
Now the framework of the model is established. To model
where surface evolution under electron irradiation, we divide the

£2(0) = J(p)oalp) (11) specimen int_o a series of co_ncentri_c cylinders that intersect
AP PITAP) the surface in circular annuli described py We use MC

is the partial sputtering frequency, which equals the reciprosimulation of electron trajectories to determine the sputter

cal mean time required to sputter alitype atoms from the cross sections in all these surface sections and the time step

surface located g, andv(p) is the speed of surface motion needed to sputter one atomic layer in the center zone, and

along the surface normal direction. In E¢$0g and(10b),  then change the surface according to E4®) and(14). At

the first term on the right-hand side represents the decrease@&ch step the surface slope is determined [Zg;.,)

number of atoms due to sputtering, while the second termrz(p;)1/(pi+1—p;) for eachi, and is used in Eqg8) and(9)

accounts for the increase in number of atoms of the sam# calculate the sputter cross sectiongpatThe above pro-

type arising from emergence of new surface due to surfaceess is then repeated to simulate the surface evolution with

movement. The atomic concentration gradient can be agime.

proximated a§/C,=C2/h, whereC is the concentration of To understand the preferential sputtering in a binary alloy

A-type atoms in the bulk of the specimen amé the thick-  during irradiation, we need to calculate the number of sput-

ness of the monatomic surface layer. teredA- andB-type atomsN, andNg, or their ratioNa/Ng.

An assumption is made that after a time, the surface comfhe number ofA-type atoms at the electron-exit surface is
position reaches dynamic equilibrium and does not changgiven by integration over this surface:
with time. In this case, using detailed balance approximation

[i.e., taking (dCa/ dt)=(dCg/ dt)=0] we obtain the speed of _
surface motion in the direction of the surface normal equal to A= SCA(p)deS' (16)
=h Falp)Te(p) 12 It is readily shown that the numbers of sputter®dind B
v(p) 0 : (12 oSS
fa(p)Cg + fa(p)Cp atoms,N, andNg, obey the relationship
and the quasiequilibrium surface concentrat@g(C,+Cg N+ N, €O
=D is TAT A A (17)
o ng+Ng Cg
_ fa(p)Ca o
Calp) = 0 0 (13 Hence, the number of atoms sputtered by the timteis
fa(p)Cg + fal(p)Ca equal to
The equation for the surface motion can be deduced using o 0
simple geometry consideration shown in Fig. 2, and is NA(t) = CA[N(t) + ng] — Cgna, (18)

az(p,t) az(p,1) \? where N(t) is the total sputtered atoms at timeequal to

a v(p)fcosy=—-uv(p)/1+ p ) (14 gputtered volume divided by the average atomic volume. Ex-
change of subscriptad andB in this equation provides equa-

where tany=(dz(p,t)/ dp) represents the tangent slope of thetion for Ng(t). The sputtering rat&(t) and sputtering yield

surface curve at timé Y(t) averaged over the timecan be obtained by
The number of bonds and stoichiometry for the surface
atoms change in the course of sputtering, resulting in change S(t) = N(H)/t, (19

of binding energy and sputter cross section of atoms. To
account for this, we choose an average sputter cross section Y(t) = S0/l (20)
as the mean of the sputter cross section of an atom in the '

surface and that of an adatom on the surface. For instancgnere | is the electron currenti.e., number of electrons
for a NizAl (001) surface we take the average sputter crosmitted per second ’

section of Ni atoms in the alternating Ni-Al mixgdenoted It should be pointed out that E¢L0) neglects processes
as "“M”) and pure Ni(denoted as “NJ layers as such as irradiation-enhanced diffusi° and redeposition
204(p)os(p) of atoms §puttered from_ another surfa_lce area. To model
m, (15  electron-stimulated dlffus_lon along a side V\_/all of a hole
1P 2P formed at the electron-exit surface by sputtering would be a
whereo; and o, are sputter cross sections of Ni in or on the challenging task, and to account for redeposition it would be
N layer, respectively. This is because the sputtering frenecessary to consider the sputtered atom trajectory, which is
guency of Ni atoms in an M layer is actually determined byinfluenced by the neighbors of the sputtered atom at or near
the cross section of the Ni adatom due to fast sputtering of Athe surfacésee MD study by Chernet al®). These features
atoms(see Fig. 5 beloy converting the remaining Ni atoms would complicate the modeling very significantly. Though
into adatoms on the N layer below. This average sputtetheir neglect excludes some detail of surface evolution, such
cross section of Ni atoms in E¢L5) is then applied in Egs. as void formation by sealing of the hole, the results obtained

;Ni(P) =
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FIG. 4. Sputtering threshold energy as a functioobbtained
by MD simulations for Al, Ni atoms and Ni adatom. The sublima-
tion energyE. of Ni in the NizAl and the recoil energ§’ of Ni
atoms transferred by 200 keV electrons are shown by dotted and
dashed lines, respectively. The minimugg 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

i . energy.
by the present model compare well with experiment and are

valuable for understanding hole formation and preferentiapurface and drags underlying atoms, thus requiring more en-
sputtering. ergy to escape from the surface.
It is seen from Fig. 4 that the smalleSg occurs for re-
coils along the surface normal directigat ¢’'=0) and is
. RESULTS AND DISCUSSIONS 6.0 eV for both Al and Ni atoms in théd01) surface layer,
) . . o which is larger than the sublimation energy of 4(@3) and
The model is applied to study the evolution of the initially 4.55(Ni) eV in NisAl. The smallestEg for a Ni adatom on
flat {001} surface of the ordered Llalloy NizAl. We have e N |ayer surface is 4.5 eV, which is close to the Ni sub-
studied sputtering events at and near this surface in detail By ation energy but larger than the binding energy of
MD and the results are summarized in Sec. Ill A. Our pre-3 57 ey for the Ni adatom on the N layer surface. Obviously,
dictions for surface evolution are presented in Sec. Ill B andy,q sputter cross-sections determined Eayobtained from
compared with those of colleagues at the University of Bir-\ip results will be different from those determined by the
mingham who have conducted experiments on this syStem. g ,pjimation 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 E@) is a simple
The many-body potential of WAl derived by Viteket  function of # owing to ¢’ = 6. The recoil energy transferred
al.?2 and modified for short range interaction by Gao andby 200 keV electrons as a function 6f is shown in Fig. 4.
Bacorf® was employed in this study. This potential has beerThe minimumEg that can result in sputter of atoms by elec-
used to determine displacement thresholds in the bulk ofrons can be determined by the crossover points between the
NizAl (Ref. 23 and the results were confirmed by atomic recoil energy and the sputtering threshold energy.
experiment$* Figure 3 presents the energy contours calcu-They are 7.58 and 5.85 eV for Ni atom in and Ni adatom on
lated for sputtering of Al atoms in th@®01) M layer surface the N layer surface, respectively, compared with the sublima-
of a NizAl foil for different recoil directions. As can be seen, tion energy of 4.55 eV for Ni atoms in BAl. The corre-
Es is almost independent of the azimuthal anglewhen  sponding sputter cross sectiomsalculated by Eq¢3) using
¢’ <70°. Thus, it can be expressed as a functiondofas  Bradley’s cod& are 49.08, 163.34, and 328.75 barns. The
shown in Fig. 4, which is obtained by averaging the energyaverages for Ni atoms at thg001) surface can be calculated
over¢'. Es for a Ni atom in the N layer and a Ni adatom on by Eq.(15) and it is 75.48 barn, i.e., less than one-quarter of
the N layer are also shown in Fig. 4: the trend is Eyto  the value obtained with the sublimation energy. It is therefore
increase with increasing’, particularly at larged’. Interest-  concluded that the dependence=afon recoil direction has a
ingly, Es for the Ni adatom is lower than that of a Ni atom in significant influence on the atomic sputter cross sections.
the N layer whery’ <53° but higher wherg’ >53°. This is
because a Ni adatom has less bonds with the other atoms B. Surface sputtering and evolution
than an atom in the surface, which makes it easier to be The sputter cross sections calculated accurately by&q.
sputtered at smal’, whereas at high#’, it glances off the are found to be independent pfin an initially-flat surface,

FIG. 3. The energy contoiin eV) for sputtering of Al atoms in
the (001) M-layer surface of NjAl. The atomic recoil direction is
indicated by(¢',¢"), where#' is the angle between recoil direction
and surface normal directiofz-axis) and ¢’ is the angle between
the perpendicular projection of recoil direction on {@®1) plane
and the[100Q] direction (x-axis).

A. MD results of sputtering threshold energy
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FIG. 5. Sputter cross sections versus the electron energy for Al FIG. 6. The recoil probability densitp(E’,E) as a function of

and Nithoms ﬁt tr’:ﬁ)on surfacg O]E a I\QA’\\Il‘foiIdof 625 nmhthlak-l recoil energyE’ transferred by electrons with energy Each curve
nes;s. '102 ¢ (9_I64a>;re]2|r stands for a Ni adatom on the N layefg 5, up to maximum recoil enerdly, at right end, as indicated
surtace. L barmn=1o7cn. by arrows for the case oE=200 keV. The minimum sputtering

] ) ] _ threshold Eg, determined by the way shown in Fig. 4 is also indi-
despite the existence of a profile of electron current densityated by arrows for the case B 200 keV.

and broadening of the beam at the electron-exit surface. Fig-

ure 5 shows the sputter cross sections of Al and Ni atoms ajrease ofP(E’,E) at highE’. As can be seen from Fig. 6,
this surface for a NAI specimen of 62.5 nm thickness. The p(E’ E) that contributes to sputtering is around the magni-
sputter cross sections of Al atoms and Ni adatoms first inyyde of 10° eVt and the magnitude of the maximum recoil
crease with increasing electron energy, then reach a maxgnergyT,, transferred by several hundred keV electrons is

mum before decreasing, whereas those of Ni atoms in the Mpout 1—10 eV, suggesting that the sputter coeffididras a
or N layers increase monotonously after the electron energy,agnitude of 10P—107%.

exceeds a threshold value of 141 keV. A prominent feature Figure 6 can also explain why Al is sputtered more effi-
of the figure is that the sputter cross section of an Al atom iscienﬂy than Ni. The sputter coefficiektcan be obtained by
higher than that of a Ni adatom, and much higher than that ofytegrating fromEg to T,,, i.e., from the area underneath the
a Ni atom in the surface with either M or N layer outermost. o yrye betweelEg andT,,, It is seen that at the same electron
This is the main reason for the preferential sputtering of A'energy, e.g., 200 keV, this area for Al is much larger than
atoms observed in experiments. that for Ni, indicating that the sputter coefficiektof Al is

To understand the change of the sputter cross sectiongch larger. This arises because b&{E’,E) and T,, are
with increasing electron energy, let us look back at &. larger for Al than Ni due to the mass and atomic number
The atomic sputter cross sectiom, is proportional to the gjsterence. The maximum recoil energy of Al is about twice
total scatter cross section of electrong, namelyo=kog, — that of Ni because the mass of Al is approximately half that
with a sputter coefficienk=/g"dE'P(E’,E). Figure 6 gives  of Nj [see Eq(2)]. This is the main contribution to the dif-
the recoil probability density?(E’,E) as a function of recoil  ference in the sputter coefficiekt
energyE’, together with the indication of the minimuigg The calculated evolution of the electron-exit surface of a
determined by the way shown in Fig. 4 for the case ofNi;Al specimen with thickness 62.5 nm under electron irra-
200 keV electrons. For a case of 100 keV electrons, becaus#ation is shown in Fig. 7. The Gaussian-type shape of the
the maximum recoil energy,, of 4.1 eV for Ni is less than electron-exit surface formed by sputtering is due to the pro-
minimum Eg of 4.5 eV for a Ni adatom on an N layer, the file of the incident electron probe. Figure 8 gives the time
sputter cross section of Ni is zero, indicating tikatO if  evolution of the film thickness at the cylinder cenperO and
Tm<Es The sputter coefficienk increases with increasing the ratio of the number of sputtered Al to sputtered Ni atoms.
electron energy, because ba¥E',E) andT,, increase with  As can be seen from the figure, the perforation of the foil due
increasing electron enerdy; as seen in Fig. 6 that the curve to sputtering is predicted to take 58 s. Because the atomic
for E=200 keV is above that fdE=100 keV. The total scat- recoil angled and the electron scattering angbeobey the
ter cross section of electronsg, however, decreases with relationship 2+ 8=, < 7/2 implies that there is no rede-
increasing electron energy owing to the Coulomb nature oposition of sputtered atoms at the spatO corresponding to
the cross section in E@5b). As a result, the change of the the center of the electron beam. Thus, the output of the
atomic sputter cross sections with increasing electron energyiodel in this region can be compared directly with experi-
is determined by the competition betwekrand oz. Thus, ment. The change of thickness of this region with time can
the initial increase of sputter cross section of Al atoms ande measured in a STEM and, although it is difficult to deter-
Ni adatoms in Fig. 5 is due to influence &f while the  mine experimentally the detailed shape change due to fast
decrease is becaugdoses influence owing to the rapid de- sputtering, the time when a hole through a sample is first
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FIG. 9. Variation of sputtering rate and sputtering yield with
FIG. 7. Evolution of the shape of electron-exit surface of atime.

NizAl specimen of 62.5 nm thickness irradiated by 200 keV elec-
trons with the beam Gaussian standard deviatberl.6 nm and

0 0
current 2.23 nA. The electron probe is incident on the lower surface CrilVe = V(1) = V] + i ~ ﬁ + PAs
atz=0 and its initial profileG(p) =(1/\278)e?2%" is shown in the CoUVe—V(t) =V +ny C%  CQ[Ve— V(1) -V
inset. Two dashed lines are schematically drawn to show a region of (21)

the effective volumey,, detected by the electron probe. The size of
this region at the electron-entrance surface is the same as the elavhereV(t) and Vg are the volumes of sputtered region and
tron beam size while that at the electron-exit surface is broadeneslurface layer, respectively,; andn,, are the numbers of Ni
due to scatter of electrons in the film. and Al atoms at the electron-exit surface, respectively,Aand
is the surface area. To obtain the right-hand side of(Ed),

formed can be estimated. For the same conditions as usedve used Eq(16) and assumed th&t,, (n,) is equal to zero
Fig. 6, the time for the hole formation determined in experi-due to the much larger sputter cross section ofsde Fig.
ment is about 60 &} in excellent agreement with our result 5). Equation(21) indicates that the increase of the ratio of
of ~58 s. the number of Ni to Al atoms observed in experiment arises

As can be seen from Fig. 8, the ratio of sputtered Al tofrom the second term on the right side, where the numerator
sputtered Ni atoms decreases with time rapidly up-®s  increases due to increased surface @&gand the denomina-
and then more slowly. The preferential sputtering of Al at-tor decreases due to sputtering. We therefore conclude that
oms is evident from the fact that this ratio is higher than thethe preferential loss of Al atoms originates from a much
bulk Al atomic fraction of 0.2%dashed line in Fig. BInthe  higher sputter cross section of Al than Ni atoms, together
experiment, the measured ratio of the number of Ni to Alwith the increase of the area of electron-exit surface due to
atoms in the specimen increases with t#hénplying pref-  the hole formation during irradiation.
erential loss of Al atoms, consistent with our results. Figure 7 Figure 9 gives the variation of sputtering rate and sputter-
shows schematically the effective volum&, within the two  ing yield with time. During the first few seconds the sputter-
long dashed lines, from which the composition of the foil ising rate and yield remain almost constant and after that start
measured by the electron probe. The ratio of Ni to Al deterto decrease. This decrease is due to formation of the
mined in experiment can be expressed as Gaussian-type hole shown in Fig. 7, which results in smaller

sputter cross sections at the side wall of the hole than at the

Teo initial planar surface. As already mentioned in Sec. Il, the
175} present model neglects the redeposition process of sputtered
ol N 1s0 __ atoms and, hence, gives the upper limits for the sputtering
i £ rate and yield. The sputtering rate determined in the experi-
= 125 140 = ment was 620 atoms/s &70 s when a hole was formed
=% 100t ® with 2 nm diameter in the electron-entrance surface and
130 € . . . . .
arsl 5 4 nm diameter in the electron-exit surfeeThis value is
120 £ about half the present theoretical estimate, for the reason
050 already described above.
) U W 110
I I N P IV. CONCLUSIONS
0 10 20 30 40 50 60 . L
Time (s) A new multiscale model for the description of the surface

sputtering and evolution under electron irradiation in a
FIG. 8. Variation of the film thickness in the beam center andSTEM has been proposed. It employs MD results of sputter-
the ratio of sputtered Al to Ni atoms with time. The dashed lineing threshold energies and the MC simulation of electron
shows the bulk Al composition in a Bl specimen. trajectories to determine the sputter cross section of atoms at

195429-7



LAI, BARASHEV, AND BACON PHYSICAL REVIEW B 70, 195429(2004)

the electron-exit surface. A continuum differential equationelectron-exit surface. In particular it would be necessary to
describing the surface evolution due to sputtering has beetake into consideration the redeposition process of sputtered

derived. atoms as well as the irradiation-enhanced diffusion.
Application of the model to a NAI thin foil with the
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