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Abstrac亡

The Monte Carlo program ACAT was developed to determine th色to亡al sputtering yields

and angular distributions of sputtered atoms in physical processes･ From computer

l･eSults of the incident-energy dependent sputterings for various ion-target conbi-

nations 亡he mass-ratio dependence and the bombarding-angle dependence of sputt:ering

thresholds was obtained with the help of the Matsunami etnpirical formula for叩ut-

tering yields. The tnaBS-ratio dependence of sputtering thresholds is in good agree-

ment with recent theoretical retT'ults. The threshold energy of
lA :耳h卜ion sputtering

is a slightly
increasing function ofangle of incidence, while that of heavy-ion

sputtering has a mlni皿um Value near 0 ≡ 60o･

The angulal- distributions of sputtered atotns are also calculated for heavy ions}

medium ions,and light ions, and reasonable agreeTn.entS between calculated angular

distributions and experimental results are obtained.
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I. Introduction

The low-energy sputtering is one of the nose inpor亡an亡PrOblems for the plaLqma

su1･face interactions, because the sLputtering is one of the main inpurityてLr}Llease

processe･s form the first wall of tokanaks. The energy of ions and neutral ato7nS

near the firstヒ wall is less than ･100 eV.
There is no theoretical formula which can

predict the sputtering yields for such low-energy ions･

since the sigmund theoretical works on sputteringl} numerous publications have

been published-.Analytical studies based on the linearized transport equation

should introduce some specia.i simplifying assu7nptions. For very low-energy sput･-

tering, the most unrealistic assutnption is to neglect the boundary effect. Further-I

more it should be noted亡hat the transport equation 'includLqlthe infinite number of

the binary collisions. Ⅶ1en the ion energy is in the near一亡hreshold region, the
●

collision number is limited due to the finiteness of the target tnediun and the large

mean free path of the low-energy recoil which becomes comparable to the average

lattエce 亡OnS亡ant.

tn view of these difficulties, COnPuter Sitnulations of the collision processes

near the solid surface appear worthwhile for studying the low-energy sputtering.

At pre･sent there tare two methods of computer simulations on atomic collis･まons in

solids, i.e., the Monte Carlo method2,3,4 and the molecular dynamics methods,6.

The molecular dynamics method is the powerful method for low-energy atomic col1･'Lsions

in solids and can treatthe simultaneous collisions of tnoving atoms with low-energies.
●

The application of this method to the polycrystalline target or the atnorphous target,

however} is time-consuming o Since the full molecular dynamics cannot be

applied to也e amorphous target, one should ca】.eulate the sputtering yields for

various crystal axes and after this one should average them･ The Monte Carlo method

is more convienient for practical applications. tlowever, the Monte Carlo simulation

is usually based on the binary collision approximation which is a roughapproxination

for亡he collision of ve.ry low-energy ions, and so one needs some idea in simulating

sputtering processes by the Monte Carlo method.

Up to now we have several Honte

ACATヲand工shitani-Shimiuc..des与.

carl. si.nulati.A pr.grans ,1.e. , tLARLOWE了TR工It.SP8,
●

tn the first three programs the scattering angle

at each collision is a function of the impact parameter arid is nunerically calculated

using the screened Coulo血potential, while Ishitani and Shini2:u used the differen.巳ial

cross section at each collision and the concept of the mean free path which is often

used in the neutron slowing do甘n problem.

The t4ARLOWE code was originally developed to simulate atomic collisions in a

single crystal solid. tn order to apply this code to the amorphous target, the

crystal axis should be rotated randomly in three dimensions before each collision.
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on the other hand チ the･TRIM c(Jde2hasbeen desl名ned to simulate
●

l

in the random target assuming the fixed mean free path with i:1e

a亡omlc eolli$lons

value N-1/3(N is

the number density of target atom) and the impact parameter is randomly selected

at each collision･ Recently Biersack and Eckstein8 modified the previous existing

TRIM code in order to follow I:he recoil atoms as
well as ions. This modified TR工M

code is named as TRtM･SP･エn the TR工M･SP program the simultaneous scattering events

are effectively taken into account.

tn the ACAT program an aLnOrPbous target is simulated emplying the so-called cell

tnodel, in which a target ato7u is landonly selected in a simple cubic cell with a

⊥attice constant Ro =

N-i/3･工n the hRLOⅦ and ACAT codes, the position of an atom

is uniquely determined, and tlne impact parameter is calculated through the relation

between the direction of the 7nOVing particle and the position of the target atom.

Therefore the too-low-energy particle cannot fly any more automatically because

the apsidal distance is too lal･ge. Because of the simplicity of the TRIM and ACAT

codes, these two codes are by mort>.than ten tithes faster than the }iARLOWE code .

As a natter of course, both I:tT.e TRIII and 亡he ACAT codes cannot be applied to a

single-cてyStal target ･

工n this report we have improved the previollS existing ACA= code3 so as亡o treat

TnOre reasonably the surface scatterings of leaving particles from the solid surface.

The effect of the surface scat7-_ering of outgoing particles is very important for

angular distributions of sputtered atoms and reflected ions, especially in the case

of grazing angles of incidence. The main concern of this report is to show the

validity of the ACAT code. For this purpose we calculate the total sputtering

yields and associated angular distributions at normal incidence and oblique incidence.

A8 an application sputtering thresholds will be derived from calculated sputtering

yields with the help of the Matsunami eTBPirical fortRula which was proposed by the

Sputtering Data Complilation Croup under the joint research program at 工nstitute of

plasma Physics事Nagoya University.9

Ⅱ. The ACAT Program

The ACAT pros.ram was developed to simulate the atomic Collisions in an amorphous

ねrget within the fratnework of the binary collision approximation, and in the ACAT

program theヒarget atom is randomly distributed in each unit cubic cell of which

the lattice constant is Ro = N-i/3･ The particle is assumed to nova only along the

straight-line segments, these being the asympto亡es of its pa亡h in the laboratory (L)

System.

The at:oTnic collisions are considered to be composed of an elastic part and the
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electron excitation part･The trajectories of two particles interacting according to

a conservative central repulsive fo-i-Ce are Shown in Fig. 1, which defines several

terms 0f preseptまnterest● The equation of notion which describe these trajectories

can be Tnanipulated irk the usual manner to yield the scattering angle it1the center-

of-mass (CM) system
▼

Ei:

o -甘- 2p I dr[r2g(r)]~l
ro

and ti81e i且tegral

T ≡ (ro2 -

p2)-i/2
- Iwdr【(g(I"-1- (1 -

p2/r2)-1/2】 I

ro

where

g(r)
a 【- p2/r2

-

Ⅴ(r)/Er]1/2･

(1)

(2)

(3)

p is the itnpact para-ter, Er is the relative kinetic energy, r is the interatomic

separation, Ⅴ(r) is the interatonic potential･ and ro is the apsidal distance defined

by g(r)
= 0. The relative kinetic energy is

E

-訂缶E.,r
(4)

where Eo is the incident kinetic t.･lergy Of the projectile and A
IJ M2/Ml is the ratio

of the mass of the target atom H2 and that of the projectile Hl･工n the ACAT code,

the CM scatteで1ng■ angle and the. tine integral are initially calculated by four-point

Gauss-Legendre quadrature according to Everhart-ら tnethodlO and are stored in the

two-dimensional matrix. The scattering angle and the tine integral at: each collision

are evaluated with the help of the two-dimensional interpolation forTnula.

Zn constructing the trajectory of the projectile, One has to note that the
●

deflection point is sb･ifted backward in the L system by an amount Ax1, Which is

shotm in Fig. 1. For the trajectory of the recoil atom the starting point is shifted

for甘ard by an a-unt △Ⅹ2 from r･he initial position of the target atom･ The explicit

expressions of △Ⅹ1 and △Ⅹ2 are aS follows:

Axl - [2T ･

(A-i)ptan%]/(1･A),

△Ⅹ2-

Ptan子-△Ⅹ1
･

The interatonic
potential V(r) canbe d10Sen in the ACAT program from six options,

i･e･事theぬ1iere potentialll事the Kr-C potential12} the Ziegler potential13■ the
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Lena-Jen8en (LJ) potential14, the all potential15,and the曲mJ po亡ential16 (Table 1).
●

工n the present calculations
we employed the Moliere approximation to the Thomas-

Fer血potentia1

Ⅴ(ど)
≡

where

@(r/a) ,

◎(7() = 0.35exp(-0.3Ⅹ) + 0.55exp(-1.2Ⅹ) + 0.10exp(-6.･0Ⅹ)

(7)

(8)

a is the screening length, and Zl and Z2 are the atomic Ru血ers of the projectile

and the target atom, respectively.

=n the ACAT program the electronic energy loss AE can be chosen from three
e

options= 1) The trajectory-dependentt energy loss model (non-local). This model

is independent of the i叩aet parameter, i.e.
,

AE -

LnNSe(E) I
e

(9)

where Ln is the distance between collisions, and Se(E) is ttle electronic stopping

cross section･ For hydrogen we used the four-parameter fitting fornula17 of the

electronic stopping Cross Section which was originally pl･OPOSed by Varelasand

Biersack18

se(E)-1
-

(SHL.W)~1十(S≡IGH)-i
,

sLHow = AIEO･45 ,

s芸工GR
- (A2/E) 1n 【1･ (A,/E) ･ A4],

where

and four･ paratneters in Eq I. (1-1) are stored in the ACAT code.

(10)

(ll)

For helium isotopes we used the five-parameter fitting fomula18,19 of the Ziegler

table

･se(E)~1
-

(s至:w)-1
･

(s≡;GE)~1,

s芸岩w
-

Ai豆A;,

s≡;GE
-

(A;/豆)1n【l
･

(A;/萱)･A{E] ,

where

(12)

(13)

(14)

E is the且e energy in key, and these five parameters are Stored in the ACAT code.
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F.r other heavier i.ns, the Lindhard-Scharff energy loss.a.del i8

emp1.yed王9
i.e.,

se(E) =

KLEl/2 ･

where the I･indhard electro血c stopping coefficient KL is given as

1･212Z17/6 z2

(z王/3･z…/3)M王/2
【(ev)1/2.且2】.

(15)

(16)

2) The Oen--R｡bins.n energy 1.ssmiel
(1.cal)亨OThis a.del

depends.n the impact

parameter p throughthe apsidal
distance in the binary collision, i.e.,

0.045
AEe =

甘a2(1
-

α)

se(E) exp卜0･3ro(p,E〃p], (17)

where the factor (1 -

α) is a correction tern due to the finiteness 0f the impact

parameter in the solid, and Se(E) is the electronic stopping cross section which

is given by Eqs. (10), (12) and (15) for hydrogen, heliun, and heavier

ions, respectively. The explicit expression of α is as follows:

αニ(1
I+
0･18611Ro/a)exp( - 0･18611Ro/a) (18)

3) The tnixed model. The third consists of a (コOnbination of the previous non-

1ocal tnodeland the Oen-Robinson (OR) local model. =n the coTnPuter Simulation of

sputtering phenone_n冬reCOil atoTnS With very low-energies are
moving

in the solid,

and their free paths are too short to applythe Ron-local model for the electronic

energy loss, becahsethe non-local model is the tnacroscoplC representation of the
●

electronic energy loss PrOCeSS･ 1n the tnixed model of the ACAT code, for九(E) ` 5Ro,

the electronic energy loB8 ''･S Calculated bナthe OR local TnOdel, and for九(E) > 5Ro

it is esti7nated by Ron-local tnodel.丑ere入(E)
is the effective tnean-free-path which

is given as入(E)
I 1/-2, where b is the collision diameter defined by b =

ro(0,E)･

The procedure o: searching the collision partner of the ACAT program is very

sitnple･ Let the projectile tnove in the directiorL ep･ The notation HprojectileH

is used here for the lou or any recoil atom moving irl SOlids.工n the ACAT program,

the projectile flies from the position R step by step by an anourLt △Ⅹ along the

direction ep (see Fig･ 2)･ me position of the projectile Rn after a ti7neS Step is

R +
nA漣p, and the unit cell belonging to Rn is easily detemined dividing each

component of Rn by the average ･1at亡ice constant Ro･工f the uni亡cell of Rn is

different from that of the original position R, a target atom is produced randomly

in a new unit cell using threerandon variables, and this target atom is a collision

par亡ner｡
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Let the position of the target atom be RA Which is sho- in Fig･ 2･ Then, the

impact parameter p is given as ･

I(RA-A) ×ep

lRA-Rl
(19)

The C班scattering angle and the time integral for this collision are easily obtained

from the pre-calculated two-dituensiona】 matrix.

tn the ACAT code we introduced two different coordinates.. The one is the absolute

coordinate
fixed to the target, where the x-y pla托e is on the solid surface, and

the direction of the 2; axis is opposite to the sul･face ndrmal. The other is the

moving coordinate which is fixed to tt一e moving projectile, where the direction of

the z -axis
is equal to ep･工n Fig･ 3 these two coordinate are 8Chematically

shoⅥ1 in the spherical trigonometry. The X, Y, and Z in F'ig. 3 correspond to the

x, y, and z axes of the absolute coordinate, while the A, B, and P to the x, y, and

a axes of the moving coordinates･ The direction eA Of the A axis is chosen to be

epx 【epx (RA-a)]

eA く20)

and the direction eB Of the B axis is [eA X ep]･ The direction S in the P-A plane
′ヽ

is that of the scattered projectile after the collision, and 0 is the scattering

dingle in the L system which is given as

=
-1 AsinO

0 = tan
1 + Acos8

(21)

The direction

e;
of the projectile after collision is represented by

●

e;I ……:≡)
(22,

in the moving coordinate. ri･ran8for血ng the bases of the芸oving coordinate into

†

those of the absolute coordinate yields the direction S in the absolute system

which is obtai･.led as follows:

es,:Se;
･ (23)

where舎- (eA･ eB, ㌔)
is the inverse matrix of the tranfor皿a亡ion nat上･ix between

亡woもases.

The surface scattering withthe target atom at the topmost layer, whi血is

suffered by an incoming or outgoing particle, is very important for the angular

distributions of reflected particles and sputtered recoil atoms, especially for
▲▲

oblique incidence･ =n the ACAT program the procedure of searching the collision
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partner of the Lparticle moving in the vacuum is two-ditBenSiona1.工r･ other words,

the projected posit･ion moves on the solid surface as the projectile does in the
●

vacuum as if a shadow of an all.rplane moves on the earth surface. Figure 4 shows

how to search the collision partner of an outgoing particle, where tile POSitions

良and もare the projected ones of A and Rn, respectively･ Similarly to the searching
一■

procedure in the bulk we?an detemine a new unit cell which the position Rn belongs
T

to land get the candidate for the collision partner･ In the ca?e of the bulk the

target ato7n Obtained like this is always a collision partner, but for surface scat-

tering we should ･check whether the binary collision approxitnation is allowed or T10t.

工nside the solid the roughness of the binary collision approximation is smeared out

statistically due to subsequent collisions. In the case of the surface scattering

of the outgoing particle with the surface atom its total scattering angle -which

is measured from the incident direction - is always enlarged due to the surface

scattering, and the roughness of the biTlary COllision approximation will be enhanced i

if any target atom in the new unit cell is allowed as a collision partner. I.n the

ACAT program the target atom in a new unit cell i8aCCePted as a collision partner

if (R - RA)･ep - △Ⅹl + Ro‡ep
x

ezI
'o, where the last tern of this inequality

comes from randomness Of the surface atom, and ez is the direction of the z axis

of the absolute coordinate fixed to the target. This procedure of searchirLg the

collision partner is repeated until the iTnPaCt Parameter between the leaving particle

and the surface atom is larger than Ro,and this leaving particle with the large

4 - 1 1 4

.
- 4 11 +

iTnPaCt Parameter is regarded as escaping the repulsive potential region Of the

solid surface.

The surface binding energy Us has a significant influence on the total sputtering

yields, and also on the angular早nd 9-nergy distributions of sputtered atons･ As

the surface binding energy■ we have 71Sed the sublimation energy Es data which

are stored in I:he ACAT program. The surface binding energy acts in the tom of

a planar attractive potential upon the atoms which are leaving the surface, and

results in a refraction or even a reflection back into the solid, depending on

energy and angle og血e leaving atom.

For the cascade development we have used I:hree parameters, i.e.
, the bulk binding

energy EB, the displaceTnent energy Ed, and the tnininun energy Ec until which the

the cascadecontinues
to develop. These three parameters are the input data･

Let us consider a collision fro皿Which the original projectile emerges with kinetic

energy El aftertransferingkinetic energy T to the target aton･ The target atom

is displaced if its energy exceeds a sharp threshold energy Ed･工t皿ay be required

at亡he same time to overcome'a bulk binding
energy:EB三Ed･工f

T 'Ed･ the target

atom is added to也e Cascade wltb the kinetic energy

E2=T-EB･

-8-
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The cascade develops continuously so long as their energies exceed a preasslgned

value Ec･ tn Fig･ 5 a typical exatnple of the cascade development in solids is shown

shoⅥ㍉ where 10 key Ar+ ions are bombarded ¢n a copper target･

Once a new recoil atom is ejected from its original Bite a vacancy will be left

even for the case of replacement collision which takes place when T
> Ed and El is

less than the lesser of Ec and Ed'because this trapped projectile still has kinetic

energy which must be dissipated before it gets the well-defined position. The time

required for this energy dis$1pation will exceed the tiTrLe TIe声ded to generate the
●

cascade. Rouhgly speaking, the bulk binding energy will be of the order o-f the

vacancy formation energy, i.e., about 1 eV for fcc metals and about 3 eV for bcc

metals.

There are several models for the bulk binding energy in the sitnulation of sputtering

processes. tlowever, bulk binding energies are Of little inf171enCe On the sputtering
●

resultsヲbecause
EB is usually snail compared with the transfered energy at high

energy bombardment. Moreover most sputtered atoms orlglna亡e in the surface layer
● ●

where the binding energy EB is not equal to the vacancy fortnation e･nergy in the bulk･

On the ther handL Sputtering phenomena is in a sense a transient one which is differnt

froth other radiation phenotnenon stiCh as radiation damage where the displacement

enel･gy Ed is of the order of 25 eV･ me displacement energy is the nininum energy

required to produce the stable Frenkel pair. Since altnost all sputtered atoms
i1

orlglnate in the surface layer} we need not use the criterion whether the recoil atom
●

●

get the kinetic energy enough for the stable Frenkel pair or not. Then, in the

case of siTnulating sputtering process the following Simple model is used in the ACAT

prOgLram;

EB=0,Ec=Es,Ed=Es,Us=Es･ (25)

Ⅱ. Results and Discussions

tn this report the ACAT program has been applied to calculating low-energy

sputtering yieldsand the asso'ciated angular distributions of sputtered atoms for

normal incidence and oblique.incidence. Zn order to study the tnass-ratio dependence

of sputtering thresholds, first of all, the energy dependence of sputtering yields

is calculated for various ion-target combinations･ Secondlyl in order to obtain

the bod)arding-angle dependence of sputtering thresholdsタ the bo血arding-angle

dependence of sputtering yields are simulated for very low-energy ions･ As the

ion-target
combinations we adopted H+Ni, Ar+Cu, and fig+Ni conbinatiotLS Which correspond

亡o ligbトlon一皿edium-ion事 and heavy-ion sput亡eringsl reSpeC亡ively･工n亡bis report

we classifi･ed the ion-target combination into three categories from the nags-ratio
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between the atomic nags of target atonand that of project:ile, i.e.,

1) light-ion sputtering (M2/Hl > 10)I

2) nediun-ion sputtering (10 > M2/Ml > 1)9

3) heavy-ion sputtering (M2/Ml 'l)･
r

The border line between light-ion sputtering and nediun-ion sputtering )'.s not clearly

defined.

weis甲nnand Behrisch21 atteTnPted to separate the sputtering mechmisn into two

parts (see Fig. 6) : one due to collision cascades created by incoming ions directly

and the other due to collision cascades generated by ions

interior of the solid, i.e.,

Ytot ≡yュ+YⅡ (26)

The fomer process is the main sputtering nechanisn for heavy-ion sputtering, while

the latter TneChanisn is dominant for light-ion sputtering. The high-energy Tned)'･un-

ion sputtering behaves as heavy-ion sputteringI While the very low-energy medium-ion

sputtering will obey the sane sputtering nechanisn as light-ion sputtering･

3.1 Low-energy sputtering yields and sputtering thresholds at normal incidence

tn order to obtain the preliTninary descriptions of low･･energy sputtering yields,

the empirical formula have been proposed by Bohdansky22 and Yananura et al･23

These formulae have the following two features: 1)仙en the ion energy is so high

that the recoil density can be described in the asynptotic form, these eTnPirical

fomulae becone･ equal to the original Signund fomulal. 2) These fomulae include

the effect of sputtering thresholds which are detemined enpirically･

About 25 years agoタHarrisonand Magnuson24 investigated the sputtering thresholds

for a crysl:alline target based on the Silsbee chain TnOde1. 取eir theory cannot be

applied to heavy-ion sputtering, because their formula was derived assuming a single
一

collision reorientation to the Silsbee chain. Considering the main process leading

亡o threshold sputtering of light ions, Behrisch et al･25 have derive･d intuitively

the threshold energy of light-ion sputtering

Eth-a
･

(27)

where y
≡ 4MIH2/(Ml+M2)2 is the energy transfer factor･

Under these circumstances it is very iTnPOrtant tO investigate sputtering thresholds

for various ion-target conbinations･ For this purpose事in this reportl the mass

ratio dependenceand the bombarding angle dependence of sputteriTlg thresholds have

been studied using the present ACAT program.
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Figure$ 7 and 8 show the energy dependences of sputtering yields for various ion-

●

target conbinationsI Where the ACAT results are compared with measured data･ In Table 2

we Show the screening lengths and the surface binding energies used in the present
【∃

calculations and in Table 3 the contributions of Mechanism 1 (yt)I Mechanism 2 (YⅡ ) ,

and primary recoil atoms (Yp) are shown explicitly
for typical three energies･ where No

is the number of primary ions･ For too-low-energy ions the difference between Yt and

yⅡ is not clear, because the collision events take place only near the surface･ The

agreement between ACAT results and measured data is very good. In the case of very

low-energy light-ions and medium-ions the majority of sputtered atoms are pritnary recoil

atotns, while for very low-energy heavy-ions primary recoil atonB Cannot be sputtered.

As the incident energy becomes higher, t!1e COntribution of Mechanism 1 becomes more

important for nediun-ion sputtering, while Mechanism 2 is dominant for light-ion sput-

tering even for higtT. energy ions.

工t is a tine-comsuning problem to detemine the threshold energy directly fromthe

computer Simulation, because we need a large mud)er of pri7nary ions for the near-threshold

sputtering. =n order to avoid this difficulty, here, we use t:he following empirical
●

fomla3,9･
●

α(M2 /M1)
Y =^ sn女(E)【1

･
-

(E/Eth)1/2r I (28)

which includes the effect of sputtering thresholds, where Eth is the threshold energy

at normal incidence, A is an energy-independent constant,･ αくM2/H1) isanenergy-independ-

ent function of the nags ratio M2/Ml, and Sn*(E) is the effective nuclear stopping cross

section Which is defined as

S㌔(E)
≡

Sn(E)

i + 0･35Usse(a)
(29)

tlere, Sn(E) is the nuclear stopping cross section,and se(ど) is the LSS reduced electronic

stopping cross section血icb corresponds亡o Eq･ (15) ･ Tbe nuclear stopping cross

section Sn(E) is calculated using the Ziegler universal nuclear cross section which is

represented in the LSS reduced energy c

sn(c)
=

17

o.51n'(1 + 1.1383∈)

e + o.o13218cO･21226 + o.19594EO･5

some rearrangeTnent Of Eq. (28) yields the following siTnPle equation‥26

y* - A(El/2
-

Et王/2),

-i!i!
-

(30)

(31)



where A is an energy-independent constant, and

y* = El/2(
S㌔くE)

)1/n (32)

Equation (31) tells us that if one plots Y* against El/2 w,i Can detemine the threshold

energy from the poin,t of intersection of Y* with the El/2 axis･

工n Ref 3 n=2 ･･daS used as the exponent of the square brar.ket in Eq. (28), but recent

works revealed that n=2.8 is better than n=29. The lillearity of Y央is sho- in Figs･

9 and 10. The yield data in Fig｡ 9 are ACAT resu].ts, and the solid lines in Figs. 7

and 8 correspond to the solid lines in Fig. 9. The threshold energies are also determined
●

from measured data in a similar 7nanner, Which is shown in Fig. 10. The exponent n=2

always gives the larger threshold energies than the expone.nJ: n=2.8, of which the threshold
● ●

energies are coincident with those of Eq. (27) for light-ion sputtering. Then in the

following discu$8ions we employ nT･2.8 as the exponent of the square bracket in Eq. (28).

Table 4 shows threshold eTLergies which are obtained from Eq.
I(4)
using the ACAT data,

and they are plotted as a function of the mass ratio H2/Ml in Fig･ 11･ The solid line

in Fig. ll is

Eth/Us = 0･214 + 4･77(Ml/M2)0･567 + o･256(M2/M1) ･ (33)

工n Fig. 12 we compare the ACAT threshold energies With the experimental threshold energies
●

■

which are obtained from Eq. (31) using the measured data. The n=2 curve corre･<3POnds to

ACAT threshold energies which are obtained fro7n Eqs. (31) and (32) with the exponent

n=2 (see Table 4)., while ･ヒhe n=2.8 curve corresponds to Eq. (33).

3.2 Few collision approach for threshold sputtering at normal incidence

Refering the computer works on very low-energy sputtering} Yananura and Bohdansky27

picked up sotne possible collision sequences for near-threshold sputtering which are shown

in Fig. 13and 14. tn the case of Mechanism i the pri7nary recoil atom leading to the

emission process is produced at the first collision of the projectile with surface atom,

while in Fig. 14 the primary recoil atom leading to sputtering is created after a few

collisions. Mechanism 1 and Mechanism 2 of these figures correspond to those of Fig. 6.

Additional distinctions, A, B, C,and D in Figs. 13 and 14 correspond to different nu血er

Df collisions which a sputtered atom experiences before ejection.

AssuTning that any configuratimof each targe亡atom is allowed for threshold sputtering,

they derived a simple analytic expression for the Hthreshold encrgyH of each mechanism

in Figs. 13and 14. Each mechanism has its own T-threshold energyT-,and the lowest

--threshold energy-- is considered as t:tie real threshold energy for the special ion target

combination. Tables 5 and 6 show analytic expressions for the --threshold energiesH of

-12-



each nechanif;m
listed in Figs. 13 and 14, where 孤 is 亡he collision number at the deeper

●

′ヽ

layer than the topmost layer, 01 is the CM scatteringangle at the first collision, 0

《

and 8 are the scattering anglesln the L system which are represented in terms of 01

′＼

8 = 亡an

′ヽ

∂= tan

-1 SlnOl

リ+cosOI
I

_1
t}SinO1

1
-トucosOI Il

(34)

(35)

d
With the definition of u

= Ml/ll･2,and α is the angle of incidence･

Fomula for Mechanism lD and Mechan1sn 2C Include the unknown parameter n■ i.e.,

d the collision number n･ For light long, the tn-dependence of the threshold energy

ls very weak. From theoretical point bf vlew, it ls very difficult to determlne thls

collision number n precisely, because n is the effective number of the binary collisions

which the moving particle experip_nces near the surface. According to coTnPuter Sitnulation

of low-energy sputterlng事 this number ls very small} since the collislon events available

for threshold spu亡terlng do no亡occur ln tile deeper layer.

Conparing theoretical threshold energy with experitnental values YamaTnura and Bohdansky

choo吉;e n=2 as the collision number included in theoretical formulae. Substituting n=2

and α…O into the fomulae of Mechanism lD and Mechanism 2C, we have siTnPle formulae

for threshold energy at normal incidence

(36)
E亡h

空｣L盟)6
Ml + 2M2

工n Fig. 15 we compare theoretical formula Eq. (36) with experimental threshold energies

which are deter血ned from Eq. (31). The solid line means the presen亡theore亡1cal

values,and other Tnarks means experimental threshold energies. The agreement between

theory and experiment ls very good.

3･3 Angular distributions of sputtered atoms at nomal incidence

Using the ACAT progran} the angular distribution of sputtered atoms is
calculated

for low-energy ions at normal inciderLCe. As the ion-target coTnbinations we choose

Hg+-Ni, Ar+-Cu,and tl+-Ni which correspond to heavy-ion, medium-ion, and light-ion

sputterings, respectively. In Fig. 16 we draw theangular distributions of sputtered

atoms for Hg++ NiタWhere incident energies are loo eV and 1000 eV･ The angular distrト

button of 1000 eV Hg+--i is nearly the cosine-distributionI While that of lOOeV社g++Ni

-13-



shows the strong under-cosine distribution･ According to a few-collision mode127}

possible sputtering nechanisns are Mechanism lD and Mechanism lC for 100eV ttg+-Ni･

Sputtering yield of Mechanism lC is larger than that of Hechanisn lD, because the

former mechanis皿is the four collision process･ The preferential angle of this process

is about 55oI While the preferentialangle of the ACAT distribution is about 550.
r

Fig･ 17 shows the angular diLqtributions of sputtered atoms for 50eV Ar++Cuand lOOeV

Ar++Cu> while those of 1000eV Ar++Cu are drawn in Fig･ 18･ As the incident energy

becotnes lower, the angular distribution become the under-cosine distribution. The

angular distributi.a.f 50eV ArtCu is ,Cry similar t. that.f 100eV tis++Ni. The

possible mechanisms are Mechanisns 2C事2B> and lD for 50eV Ar++Cu} and the largest

sputtering yield cone_s fro皿丑kchanism 2B of which the preferentialangle is about 56o･

The agreement between theory and simulation is very good.

Fig･ 19 showE･ the angular distributions of sputtered atoms for light-ion sputtering, I

i.e., 100eV R++Ni, 450eV R++Ni, and lOOOeV titNi. Theangular distributions of high

energy ions have the dip at the surface normal, while that of the near-threshold energy

has a peak at the surface nomal' For 100 eV I+ ion the possible nechanisms are 2C, 2B,

and 2A whose preferential ejection angle is nearly OO according to YanaTnura and

Bobdansky theory.

3.4 Low-energy sputtering yields and sputtering thresholds at oblique incidence

=n Fig. 20 we shows the bodbarding-angle (α ) dependence of sputtering yields for

1.w-energy i.ns, where as the i.n-target c.nbinati.ns we ch..se tI;-Ni,
Ar+-Cu,and

tl+-Ni which correspond to heavy-ion sputtering, nediun-ion sputtering, and light-ion

sputtering> respectively･ =t is very interesting that in the case of tlg++Ni> even if

the ion energy is lower than the threshold energy at normal incidence, a finite nutnber

of target atoms are sputtered for oblique incidence and亡hat the low-energy heavy-ion

sputtering yields are strong increasing functions of the angle of incidence up to∝
≡

60｡.工n the case of light-ion sputtering such as tl++Ni, the sputtering yield of the

near-threshold ions is nearly constant up to 600, and it drops rapidly for α >70o due

to surface scattering.

For not-too-oblique incidence the parameter α(M2/M1) of Eq･ (28)
is not a function

of incident energy, but of angle of incidence. For grazing angle of incidence it nay

becotne a function of both incident energy and angle of incidence･ tn Fig. 21 values

of Y* are plotted against El/2 for variousangles of incidence for A+-Ni.工n the region

of α < 60o the linearity of Y* is very good, while at α
≡ 80o Y* is no longer linear.

Then} the threshold energy of gra2:ing angles of incidence･ will include a large'aTnbiguity

due to the bad linearity so long as we use Eq. (31) in deter7nining the threshold energy

at grazing angles of incideTICe.
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The bombarding-angle dependences of亡hreshold energies of Hg+-h-iナAr+-Cu■ and A+-Nl
l

are shown ln Fig. 22. The solid lines are the present results, and the vertlcai error

bars mean the ambiguities due亡o the poor linearity of Y* versus El/2.工n the case

of light-ion sputtering tT･he ACAT threshold energy ls a slightly increasing function of

angle of incidence α, while that of heavy-ion sputterirLg has the Tnlnlnum value near

α ≡ 600･ The strong α-dependence of the near-threshold sput亡erlng of heavy ions in the

region of α < 60o can be explained by the fact taht the threshold er･ergy of heavy-ュon

叩utterlng is a decreasing function of αunti1 60o.

A few-collision seqllenCe tnOde127 indicates that the threshold energy for small angles

of incidence is given as

1+リ

i +リcOS[(Tr-α)

Ethヒ

M1> M2

M1< M2

(37)

which is obtained from Tables 5 and 6 if we use n=2 as the collision number. Equation

(37) tells us some interesting bombarding-angle dependences of the threshold energies.

工n the case of Ml > M2 the threshold energy shows a universal dependence on bombardlng-

angle, which cone8 fron the fact that the tnoving atom in solids is always a target

atom. This tneans that the TnaSS-ratio dependence is expressed only by i/y. tn the

case of Ml < M2 the α-dependence is more complicated and dependsalso on the tnass-ratio･

For light ions, however, the th芯eShold energy has only a weak dependence of cL.

馳en the angle of incidence becomes larger we should take into account the- shadowing

27
effectand the periodicity of surface ato7nS . tTI Fig･ 23 the relative threshold

energies of differerLt TneChanisns are plotted as a fucntion of angle of incidence for

Hg+Ni, Ar+Cu, and E+Ni comi3inations. Each dash line means the analytical forTnula of

Eq. (37) , and the solid lines with different tnarks indicate the numerical solutuions

when the shadowing effect and the periodicity of the nearest neighbor surface atoms

are taken into account. For different mechanisms the data are calculated until the

total reflection occurs. 工n the case of tlg+Ni comblnatio虎, the threshold mechanism

is Mechanism lD for small angles bf incidence, and Mechanism 2B becomes the threshold

mechanism for gra2;1rLg angles of lncidence･Another in亡ereB亡ing aspect of the α-depen-

dence of rig+Ni is that ttT･･: threshold energy is a decreasing function of α until 60o･

This tendency is exactly coincident wlth that of the ACAT threshold energy･ In the

case of tnedium-ion sputtering such as Ar+Cu combination the α-dperLdnece of亡hreshold

energy ls more complicated than other two cases･ For small angles of incidence the

threshold mechanism is MechanlsTn 2C, and around α巴55o the threshold mechanlsm is

.
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Mechanism lD. For gra2:ing angles of incidence Mechanism 2B becomes the threshold

mechanism. The bo血arding-angle dependence of light-ion sputtering thresholds is

much different from tnediun-ilon and heavy-ion sputtering thresholds ･ Threshold energies

of Mechanisns 2A, 2B,and 2C have the almost sane values until 80o, but for larger

angles

energy

of
r

of

incidence than 80o the threshold TneChanisn is Mechanism 2B. The real threshold

light-ion sputtering is nearly constant until 85o.

From Fig. 23 we can derive a coTnnOn feature. For snail angles of incidence many

collision,. process is the threshold mechanisnI Wh･ile土or larger angles of ,incidence

the siTnpler nechanisn becomes important. tn the case of hea▼y-ion sputtering the

threshold tnechanis7n at Smal1angle of incidence is HechanisTn lD whose threshold energy

is a decreasing function of angle of incidence, while that of light-ion sputtering is

Mechanis皿2C whose threshold energy is nearly constant. The threshold mechanism of

medium-ion sputtering depends strongly on angle of incidence, because the energy

transfer at a single collision is relatively large as cotnpared with light-ion collision.

3.5 Angular distribution of sputtered atoms at oblique incidence

Using the ACAT program, we calculated the angular distributions of sputtered atoms

a亡oblique incidence事Where we chose Hg+- Ni事Ar+- Cuタand H+- Ni as the ion-target

combinations. In order to reduce the statistical error we used large acceptance solid

angle, i.e., △β-- 10oand A¢芸40o, where △βand △中are the intervals of polar angle

and azinuthal angle of sputtered atoms, reSper.tively. This acceptance solidangle is

too large for gra21ing angle of incidence, especially for light-ion sputtering.

工n Fig. 24 we show the angular distributions of sputtered atoms for lOOOeV tlg十Ni.

The preferential angle of ejection depends on theangle of incidence. Figure 25 shows

the angular distributions for lOOeV Hg + Ni. tt is very interesting that the preferentia

angle does not depend on angle of incidence.灯his is mainly due to the fac七that the

preferential angle of sputtered atoms for near-threshold sputtering is determined by

surface scattering.

Ln Figs･ 26? 27)
and
28 we show the angular distriSutions of sputtered atoms for

lOOeV Ar ions, 100eV Ar ions, and 50eV Ar ions, respectively, which are bombarded on

copper もarge vltb different angles of incidence. 工n the case of lOOOeV ions,亡be argon

ions can penetrate deeply into the solid for α
≡ boo arAd α

≡ Boo, and so the backward

component of angular distribution is れea.fly equal to that of normal incidence.工n

the case of 50eV ions tile Preferential angle does not depend on the angle of incidence.

This characteristic aspect is siTnilar to the case of lOOeV tlg+
+ Ni･

工n Figs･ 29 and 30 we coTnpare亡he ACAT angular distributions with the TR工M results

and the measured distribution$28,29. As iskno- f-n the neasuredangular distributions
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the angular distributions of light-ion sputtering at oblique incidence are conpo8ed of
l

two parts事i･e･事One due to the directknock-off process at the topmost layer30 by the

incoming ions and the other due to也e collision cascade by ions reflected f七om亡be

deep layer in solids･ The formel Part has the explicit preferential angle of sputtered

atoms, While the lTitter Part makes broad peak near the surface norml･ The ACAT distri-

butions include the contribution from the second component, but its contribution is not

so clear as compared with the measured distributions due to too-large acceptance solid

angle.

zn order to know the contribution of the collision cascade generated by backscattered

ions more clearly we follow the reflected position x of亡he ion which returrsback to

p

the surface and generates the recoil atom leading t'･o sputtering･ tn Fig･ 31 We Show

the x -dependence of theangular distributions of sputtered atoms for 450eV tI+.-il
p

where th>angle of incidence is 70o･ The blank area 7neanS theangular distribution

O

due to theknock-off process, i･e･, xn < 5A･ The mesh area 7neanS the contribution of
O

recoil atoms due to the ion which is reflected in region 5且< Ⅹ < 10A. The hatched
p

area means that of recoil atoms produced by the ions wbicb reflected in the deeper
O

layer than10A. Fron this figure weknow clearly that the angular distributions of

light-ion sputtering a亡oblique incidence are composed of two parts wbieb is already

described above.

Ⅳ Con亡.1u王;ion

tJsing the Monte Carlo program ACAT, the incident energy dependence and the botnbarding

angle dependence of low-energy sputtering have been investigated･ tJsing the ACAT results

of low-energy sputtering yields, we derive the mass-ratio dependence of sputtering

thresholds with the help of the empirical Matsunani forTnula and compare the ACAT threshold

energy with the recent: theoretical result.And it is found that the･ agreetnent between

two approaches ls very good.

As for the oblique inL=idence of low-energy ions we found that the bo血arding-angle

dependence of the low-energy heavy-ion sputtering is very strong and the finite nuTnber

of sputtered atoms canbe observed near α ≡ 60o even if the incident energy is less

thanthe threshold energy at normal incidence.工t is found that this strong α-dependence

can be explained by the fact that the threshold energy of heavy-ion sputtering is a

decreasing function of α until ろoo.

Theangular distributions of sputtered atoms are also calculated using the ACAT

program.工t is foⅦl.d亡hat the angular distrlbu亡lons of loワ-energy sputtering have

l

much different profiles from those predicted by the linear-collision-cascade theory .
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Table i Various screening functions avaiable in the ACAT program

♯:y=√㌻

S : t=柘
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Table 3 The ACAT results of sputtering yields at nomal incidence for

l

various ion-targe七combinat土ons .

Ion Target EnerglJ

(eV)

100

Ni 200

1000

He

Ne

Ar

Ar

Ar

Ni

Hg

!7g

Hg

30

Ni 100

1000

30

P七 100

Yェ YⅡ ytot yp No

0.00039 0.00034 80000

0.00020 0.00608 0.00628 0.00442 50000

0.00116 0.0151 0.0163 0.00708 25000

0.0033 0.0506

0.0520 0.121

0.0109 0.0859

1000 0.533 0.401

20

Au 100

IOOO

15

A9 100

1000

20

Cu 100

IOOO

30

Ni 100

1000

40

Ni 100

1000

70

A1 200

1000

300

C 1000

IOOOO

2.68 1.05

3.61 0.525

3.10 0.124

0.0866 0.00020

1.65 0.0572

0.0304 0.00012

1.97 0.0114

0.128 0.00076

0.953 0.00210

0.112 0.00020

0.960 0.0
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0.00064 0.00063 200000

0.0539 0.0329 30000

0.173 0.0368 10000

0.00076 0.00074 50000

0.0968 0.0666 10000

0.933 0.180

0.00789 0.00750

0.472 0.289

3.73 0.628

0.00200 0.00198

0.516 0.213

4.14 0.421

0.00067 0.00044

0.345 0.136

3.22 0.321

0.00042 0.00012

0.0868 0.0101

1.71 0.122

1000

50000

1000

500

150000

400()

500

500000

10000

3000

50000

10000

1000

0.00002 0.0 200000

0.0305 0.00141

1.98 0.0909

0.00372 0.00076

0.129 0.0128

0.955 0.0785

0.00083 0.00006

0.112 0.0104

0.960 0.130

50000

2000
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TABLE 5 Analytic fortnulae for threshold energy of each mechanistn
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TABLE 6 Analy亡1c formulae for threshold energy of each mechanlsm
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Fig. 3 Typical two coordinates in the spherical

trigonometry, where X, Y, and Z are three axes of

the absolute coordinate, and A, B, and P are those

of the moving coordinate fixed亡o亡be projectile.
′ヽ

The angle 0 is the scattering angle in the L system.
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200

Fig. 5 Cascade developments in a copper target

for 10 KeV Ar
+ Cu, where the thine lines are the

亡raコeC亡ories of recoil Cll atoms, and the broad
●

lines are those of the Ar ions.
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ATOMS/ ION STER^DI∧N

45O EV Hー NI (FICRT】

04

3 2 1 0 1 2 3

ロIFFERENTIRL SPUTT即川G YIELD (RT8HS/It)N.STERRロl

900

flo-2

Flg･ 29 Comparison of the ACAT angular distributions vi亡h亡he TRIM

result8 and 77)eaSured distributions in the case of 450eV tl + Ni.
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3keV HI+Mヽ一

( EXP. = Roth et a1｡ )

DIFFERENTIAL SPUTTERING YほLD ‡

1000 EV H ～ NI (ACAT)

QO

ATOMS

fON･STERAD

8 6 4 2 0 2 4 6 8

DIFFERENTIRL 5PUTTERING YIELt】 (RT8MS/len.ST巳RRD)

Fig. 30 Co7uParison of the ACAT ･angular distr-ibutions with the

tneasured results for lOOOeV tI + Ni.

-54-

goo

xIO~2



450 EV H-ーNI

Fig. 31 The contributions of reflected ions to the angular

distributions in the case of the oblique incidence of 450eV

on Ni target事Where the angle of incidence is 70o･
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