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Influence of collision cascade statistics on pattern formation of ion-sputtered surfaces

M. Feix, A. K. Hartmanrt, and R. Kreé
Institut fir Theoretische Physik, Universitat Gottingen, Goéttingen, Germany

J. Mufioz-Garciaand R. Cuernd
Departamento de Matematicas and Grupo Interdisciplinar de Sistemas Complejos (GISC), Universidad Carlos Il de Madrid,
Avenida de la Universidad, 30, 28911 Leganés, Spain
(Received 9 July 2004; revised manuscript received 8 November 2004; published 15 Margh 2005

Theoretical continuum models that describe the formation of patterns on surfaces of targets undergoing
ion-beam sputtering are based on Sigmund’s formula, which describes the spatial distribution of the energy
deposited by the ion. For small angles of incidence and amorphous or polycrystalline materials, this description
seems to be suitable, and leads to the classic Bradley and H&tdgmorphological theoryR. M. Bradley
and J. M. E. Harper, J. Vac. Sci. Technol.6) 2390(1988]. Here we study the sputtering of Cu crystals by
means of numerical simulations under the binary-collision approximation. We observe significant deviations
from Sigmund’s energy distribution. In particular, the distribution that best fits our simulations has a minimum
near the position where the ion penetrates the surface, and the decay of energy deposition with distance to ion
trajectory is exponential rather than Gaussian. We provide a modified continuum theory which takes these
effects into account and explores the implications of the modified energy distribution for the surface morphol-
ogy. In marked contrast with BH’s theory, the dependence of the sputtering yield with the angle of incidence
is nonmonotonous, with a maximum for nongrazing incidence angles.
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I. INTRODUCTION solid surface spreads in the bulk and produces a Gaussian

lon bombardment of solids often gives rise to characterdensity of deposited energy
istic surface topographies, which evolve under stationary and
homogeneous ion fluxes. Besides kinetic roughening, wave-
like ripple structures may occur. Such height modulations on
the submicron scale have been observed for crystalline Ns=[(2m)%2aB?]?, (1)
semiconductofs® as well as for crystalline met&lé and
some amorphodsand polycrystalline materials, see a recentwherer =(x,y, 2) is a point within the target, ions are falling
review in Ref. 6. According to continuum theories, which arealong thez axis and penetrate an average distaasgithin
based on the work of Bradley and HargBH),” the periodic  the solid,e is the average kinetic energy carried by each ion,
patterns emerge from a competition between a rougheningnd the values of, 3 describing the spreading of the energy
ion energy, a_nd gimultaneous.smoothing processes due Eq) is based on the work of Sigmud8who considered a
surface diffusiorf:® Although this mechanism seems to be olycrystalline or amorphous target and analyzed the kinetic

quite universal, there are material-specific differences in th ansport theory of the sputtering process. He found that in

evolution of surface topographies. For nonmetallllc. SUb'the elastic collision regime at energies where electronic stop-
strates, for example, one usually needs off-normal incidenc

of ion flux to produce ripples, which change their orientationsmg IS not dommat_mg, the dgposne_d energyhcan b? appfro;]q—
with the incidence angle*51%-Y4whereas ripples are ob- mated by a Gaussian near its maximum. The quality of the

served on metallic substrates even at normal incidence, arfiPproximation s reasonable, if mass o_hfferences betwe_en
the orientation of ripples changes with substrateSubstrate and ion are not too large. Obviously, the Gaussian

temperaturé:'>1Furthermore, the smoothing mechanism ofform is not universal and consequences of deviations from
surface diffusion is not well understood yet. In previousthe Gaussian form within the BH model have not been stud-
simulationsl” we have found that the emerging patterns deJ€d yet. In particular, although the observations of ripples on
pend crucially on the diffusion mechanisms applied. In parsingle crystalline metafs>'®2are qualitatively described
ticular the long-time behavior, which is governed in the con-by the BH model, the latter is strictly a theory for amorphous
tinuum theory by nonlinear terms, depends even qualitativelynaterials, and thus there is a need to justify theoretically the
on the surface diffusion mechanism. Given that the surfacemergence of such type of patterns onto this other class of
topographies resulting from different mechanisms of surfacsubstrates.

GS(I’) = ste_[(x2+y2)/2B2]e_[(Z + 32202 ,

diffusion have been studied by simulations elsewH&rie, Obtaining more detailed information about the deposited
the present work we will focus on specificities due to theenergy from simulations has become straightforward by now,
energy deposition process. as there are many well calibrated, efficient simulation meth-

Continuum theories for the surface morphology of the tar-ods for ion impact availablg=2° In the present work, we
get usually assume that the kinetic energy of an ion hitting aise simulations based on the binary-collision approx-
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imatior£32526 gand consider a metallic materigCu), for To define our simulation observables in terms of the phase
which we generate statistical ensembles of collision cascadepace density, first note thgtp,z,v,t)(v-da) dv dt is the
emerging from single-ion impact events on flat surfaces. Imumber of particles, which penetrate a surface elendant
previous work on the simulation of sputtering in metals, al-situated at positior(p,z), with velocity v during the time
ready some deviatioA53°from Sigmund's theory have been interval dt. The phase space density and the corresponding
found. In particular they are due to the directional anisotropycurrent density may as well be considered as functions of
of the collision cascades, which follow closed packed planegosition, energy and direction of velocity using V2e/my,

of atoms(called “focusing).* Anyway, in those references V being the unit vector in the direction of so thatvdv

the analysis of the data was performed as a function of depth(2/m?) eV de dV. The current density(e, p,z,t)de of cas-

but not as a function of the lateral distance. Also the angulagade particles of energy neaiis given by

distributions of the ejected atoms has been evaluZted,
again without an analysis as a function of the lateral distance. . _ 2 ~ ~

In one work®® full ejection patterns of atoms were actually i(epzt)de= ﬁdef dv evg(eV.p,2,0). (3)
studied (at zero temperatufe but no quantitative analysis o ) ] )

was performed apart from measuring the sputter yield. T&Oom Eq.(3), it is obvious that the time integral
compare with Eq(1), we analyze here our data also in terms
of the lateral distribution of the deposited energies and ho4(e,p,2)dx dy:f dte, - j(e,p,z,t)dx dy (4)
ejected particles. We do not claim to perform the best state of 0

the art simulation of ion impact on Qfor example, we only

o

id q del of ; binding equals the total average number of particles per energy at
consider a very crude model of surface binding foyces energye of a single collision cascade, which penetrate the

Rather, we aim at more generic result_s, which are Of_rel'surface elemendx dye, located at(p,2). Note thathyg is a
evance to the theory of surface evolution. Our S|mulat|ons,Surface density and tkz1e quantities '

provide an average density of deposited energy, which is
quite different from the Gaussian form in EQL). We fur- *

thermore consider the fluctuations around this average and N2q(p,2) =f de hyq(€,p,2) ©)
find strong, intrinsic noise. In the subsequent part of our 0
work we investigate the consequences of the simulation resnd
sults for the continuum theory of pattern formation by ion-
beam sputtering. We obtain that the modified energy distri-
bution obtained in the numerical simulations induces a
sputtering yield that overcomes some of the shortcomings
(when comparing with experimentsf the analogous result give, respectively, the average number of particles and aver-
within BH'’s theory. Moreover, we recover the production of age energy per surface area transported t@xieplane atz

the ripple instability, and the dependence of the pattern feaby the collision cascade.

tures with phenomenological parameters similar to BH The particles arriving at the=0 plane(which constitutes
theory, thus providing a theoretical framework within which the surface of the materjalith velocities in outward direc-
observations of ripples on metals can be naturallytion will leave the bulk if they overcome the surface binding
accomodated?5:16.20 forces. We will use a simple spherical barrier model of sur-
face binding with barrier height. This implies that all par-
ticles arriving at the surface with kinetic energy U will be
sputtered off. The surface density, of these particles is

In this section we want to relate observables of our simutherefore given by Eq5) with the lower boundary of the

52d(PaZ) = f de thd(E!pvz) (6)
0

Il. OBSERVABLES OF CASCADE STATISTICS

lations to the phase space density integration replaced by. The total sputtering yield is the
surface integral of this density,,;=/d’p ny(p). At internal
g(v,p,z,t|pe,.z=0,vy,t = 0), (2)  surfaces there is no surface binding and thus
p(E!p’Z) = th(f’P'Z)/YU=O (7)

wherep=(x,y). This function is the basic quantity underly-
ing the kinetic theory of collision cascades, and also intro-becomes the probability density to find a particle with energy
duces the quantities which are used in the construction of a crossing the internal surface at locatigm,z), and py(p)
continuum theory of surface pattern formation by ion bom-=n(p)/Yy, is the probability density to find a particle leav-
bardment. Functiowy is the average density of cascade par-ing the bulk atp. These are the quantities we will study in
ticles in six-dimensionalv,p,2) space at time, under the  the subsequently described simulations.

assumption that one ion has hit the surfacepgtand att
=0 with velocity vo. As we will only treat identical initial
conditions withp,=0 andvy=-|v2¢,/mle,, we will use the
abbreviated notatiog(p,z,v,t) and drop the explicit depen-
dence onpy andvy. The average has to be taken over an Atomic displacements and particle ejection from a solid
ensemble of targets, which differ by random, thermal dis-due to the impact of a single ion with kinetic energy in the
placements of atoms. keV range can be simulated by using the binary-collision

IIl. BINARY-COLLISION APPROXIMATION
SIMULATIONS
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approximatio® (BCA). The basic idea is to substitute the
detailed particle trajectories by trajectories where the par-
ticles travel with constant velocity until they “hit” onto an-
other particle. Each collision event is integrated analytically

or numerically, leading to new positions and velocities of the ! - .

. ARSI - PN e W
particles participating in the collision. Hence, the full dy- g [ S e LN ) e
namical process is reduced to a cascade of binary collisions il 7 R A h
For a full description of the algorithm, which follows stan- ) 9Ny AL
dard implementations, we refer to the literatétéeverthe- v LN
less, for the convenience of the reader, we provide some "’f 5 \\\f ol

details.

(1) The code allows for arbitrary positions of the bulk
atoms. Here, the positions of the atoms making up the undis
turbed solid were displaced from ideal lattice sites of a Cu N>
single crystal170 000 atoms of an fcc structure with lattice :
constant 3.61 A, corresponding to a solid of 10.6 nm
X 10.6 nm and a bulk depth of 18 nnby uncorrelated,
Gaussian distributed displacementstandard deviation '
0.16 A) to account for thermal fluctuations. FIG. 1. Sample cascade originating from an impact of a 5 keV

(2) Our program is suitable for studying defect accumu-cy jon on a Cu crystal. The angle of incidence is 60°. The cube

lation during multiple impact, but this feature is not used inghown acts just as scale and has size 2.68 mmile the full lattice
the present work. Hence, the change of the target structurgmuylated has siz€10.6 nm?2x 18 nm.

during ion irradiation is neglected.

(3) All model parameters of the algorithm have been ad- . e .
justed to Cu propjectiles of a few keg\J/, hitting a Cu single Although this method has its limitatioR3 it has become

crystal3 a standard technique and is used to describe ion implantation

(4) Each cascade is started by shooting one ion onto th@nd sputtering. _ _ _ o
crystal. Hence, initially each collision cascade consists of Ve have performed BCA simulations of single-ion impact
only the ion. on a flat Cu surface with velocity,. Most of the time we

(5) For each ion of an ensemble, an additional homogeconsider normal incidendée., vo=—|vole,), but we also per-
neous lateral random displacement was added, which wdermed a few off-normal simulations to check for universal
taken to be uniformly distributed within a square of edgefeatures, see below. A sample cascade, originating from an
length 1 lattice constant. Thus, within every ensemble the ioimpact of a 5 keV Cu ion on a Cu lattice with an angle of
hits upon macroscopically identical but microscopically dif- incidence of 60°, is shown in Fig. 1. All the statistical infor-

fering configurations of the solid. mation presented below was obtained from ensembles of
(6) Prior to the collisions, all target atoms are assumed t8000—6000 ion impacts per ensemble, which we generated
be at rest. for a single initial condition of the ion. We, moreover, con-

(7) Each projectile travels with constant velocity, until an sidered two orientations of the crystall1,0,0 and

interaction occurs. A_ projegtile/target interaction was as<58,72,39. The latter was used to assess the effects of crys-
sumed to take place if the impact parameter was less thag| anisotropy and can be also considered as an alternative
Prmax=2-6 A. _ _ way to study changes with the angle of incidence. Most re-
(8) The interaction was modeled using a screened Cougjis which are of interest for comparison with the standard
lomb potential, where the screening function we used wagorphological theory and the ulterior analytic treatment are

given by Moliere’’ , _ o _ independent of the crystal orientation, as far as we can say.
9 '_ro model_ electronic stopping, we applied inelastic E.g., we found very good agreement between the angular
scattering following Refs. 23 and 38. averages 0fn,g, €y obtained from(1,0,0 and the corre-

. (10 Due to this choice of the potential/electronic stop- sponding quantities obtained from the oblique orientation.
ping, the collisions had to be integrated numerically, and thgjence, we believe that our results and conclusions for the
results were stored as a function of the energy and of thg face morphology really represent generic features.
Impact parameter. _ _ Our choices allowed for easy calibration and comparison
~ (11) After the collision, target atoms exceeding the bind-sf our implementation against results in the literature. It
ing energyE,=3.5 eV are added to the collision cascade,spoyld be emphasized, however, that the main focus of the
carrying an energy after the collision, that is reducedEBy  present work is on generic results, which are of relevance for

For simplicity, we used the same value as for the surfac@attern formation of ion-sputtered surfaces of metals.
binding energy, i.e.Es=3.5 eV.

(12) Cascade particles having an energy beldy
:2.0_eV are removed fr_om the_: casca(_je_, because they_cannot IV SIMULATION RESULTS
contribute to further dislocating collisions. Also particles
moving above the surface, i.e., sputtered atoms, are removed In this section we will present simulation results for the
from the cascade. quantities introduced in Sec. Il. As all quantities are evalu-
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FIG. 2. Spatial distribution of ejected Cu atoms emerging from _FIG. 3. Spatial distribution of ejected Cu atoms emerging from
6000 independent trials of hitting tfe,y) crystal surfacgoriented 6000 independent trials of hitting thi®,y) crystal surfacéoriented

in (1,0,0 directior] with a single 5 keV Cu ion at normal incidence. N (1,0,0 direction] with a single 5 keV Cu ion at 30° off-normal
Distances are measured in unitsasf3.61 A. incidence. The arrow indicates the direction of the projection of the

ion beam onto the surface. Distances are measured in unés of

ated at the surface=0), we will abbreviate the notation and =361 A

drop thez coordinate from the list of variables whenexer g tifa ot “of the crystal orientation, we studied also a

=0. _So, for examplenZd(p,z:O):QZd(_p)._ . OI(58,32,39 surface, see Fig. 5. Although the plot exhibits
Figure 2 shows the surface distribution of all the ejecte liahtly | truct ; \ af icl acted

particles within an ensemble of 6000 cascades, each emer é%r t%ee;zi?]truo? ij):;wse’t?agt?(;?] OIT Zeazan?\;v tﬂirt Itchishirli 2?0(:“?] q

ing from one incident 5 keV Cu jotnormal incidenck for this point is slightly smaller, as compared with Fig. 2. This is

the crystal in th€1,0,0 orientation. Clearly, a “hole” around :
the location of impact is visible. This is in contrast to what probably due to the lower symmetry of the crystal with re-

can be expected when applying Ha). A similar effect in 0,055 ——————————————————————
the ejection pattern, but at zero temperature, has already beer .

seen for normal sputtering of 1 keV Apn Cu in the work 0.05 | + F .
by Yamamura and Takeuct.This hole can be explained by oo

the facts that direct backscattering of the surface atoms is not %043 * *, i
possible, and that most collision cascades are directed away | * i
from the point of penetration, hence making it unlikely that ' + +

surface atoms are ejected there. This is the main qualitative 445 | + i
result of our simulations. Moreover, we also find this hole for _ +

off-normal incidence, as show in Fig. 3. Quantitatively, such % 0.03 | + . .
origin for the hole can be assessed by studying correlations + .

between the positiop of sputtered particles and the projec- 0.025 1
tion of their velocities onto the surfaceg,=v—-(v-e)e,. + +

Figure 4 shows the distribution of the angléoetweenp and 002 o * i
Veuriy Wherep is the position of a cascade particle arriving at oois k + + J
the surface with velocity. The figure shows that, indeed, for ++ *,
typical collision cascades most of the ejected particles move o014 et Tete
away from the point of first ion impact.

The scattering of points in Fig. 2 is almost rotationally 0.005 —b—t——t—ttt—t 1
. . . . . .. -150 -120 -90 -60 -30 0 30 60 90 120 150
invariant; a slight square symmetric structure is visible, re- x [degrees]
flecting the lattice structure. Stronger anisotropies can be
found at zero temp.eratLﬁflaQr' when studying the movement  FIG. 4. Distribution of ejected particles with different directions
of the particles inside collision cascades dire@y® Here,  of velocity. Here,x denotes the angle between the projection of
we are interested mainly in the lateral ejection pattern of thearticle velocity onto the surface and the vector between point of
sputtering. To check whether the result of finding a hole is arion impact and point of particle ejection.

125407-4



INFLUENCE OF COLLISION CASCADE STATISTICS. PHYSICAL REVIEW B 71, 125407(2005

1 2w
nZd(P):mJO d¢f p'dp'nyg(p’, ), (8)
p

wherep=|p)|, turns out to be nearly undistinguishable. Figure
6 shows the correspondingangle-averaged probability
. density per surface area[see Eq. (7)], p(p)
:1/(27-rpA)f§”d¢>f§+Ap’dp’p(p’,(;S), of finding an ejected
particle at a distancg from the point of incidence of the Cu
ion. This figure shows that the assumption on the ejection
4 probability being distributed following a Gaussian distribu-
tion, hence leading to a maximum @t 0, is not justified in
the case of crystals. Hence, the question arises, whether this
. is in contrast to amorphous materials. Some st3gi8g0
have been previously performed using Monte Carlo code
, e : such as TRIM to study sputtering in amorphous materials.
-10 - ' P " 1 Quantities like flux densities of particles/momentum, aniso-
el o | tropy parameters and densities of deposed energy/momentum
e N S T S — were studied as a function afepth and good agreement
’ comT with the Sigmund theory was found. Nevertheless, to our
knowledge there exists only one recent witkn which,

FIG. 5. Spatial distribution of ejected Cu atoms emerging fromusing the simulation packet SRIM, the ejection probability
6000 independent trials of hitting tig,y) crystal surfacgoriented ~ has been systematically studiad a function of the lateral
in (58,32,39 directior] with a single 5 keV Cu ion at normal distance from the point of penetration, and indeed a
incidence. Distances are measured in unitao8.61 A. Gaussian-like distribution was observed for the same ion/
bulk parameters as applied here.

Figure 7 displays the corresponding angular average of
the surface density,4(p) of the energy of sputtered particles,
efined from Eq(6) analogously tay(p) in Eq. (8). In this

y [a]

x[a]

spect to the ion beam, which makes it more likely that col-

lision ca.z,cades come back to the origin, i.e., the effect o igure, we also show two Marquardt—Levenberg ftsr
focusing® is smaller. Hence, we decided to concentrate Oq‘unctlons of the formf.=(ap?+bp)exg—cp®] with s=1 and

the oblique (58,32,39 orientation, because we want to s= 2) to the data. One can see that the decay of the energy
study generic results irrespective of specific crystal orientaeensity is not in accordance with a Gaussian, even when
tions. In any case, for both surface orientations and smaihcluding a decay towards the point of penetratipr0, as
values ofA, the angular average of the density introduced insuggested by Eq.1). Rather, data can be fitted well to an

Eq. (5) and defined by exponential decay with a simple polynomial prefactor.

0.04 T T T T T

0.035 | + -

0.03 | -

0.025 | -
— +
“"m s T FIG. 6. Probability of ejected
3 oop - part_icles_ vs distance from poin_t
o} . of ion incidence (measured in

0015 k e ] units ofa=3.61 A), as determined

‘ + from the data of Fig. 5.

§
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10° - - - T T energy at fixegp, for different values op. Remarkably, the
conditional density does not depend @aignificantly, within
the statistical scatter, which is large for large energies. This
— 102} ] shows that
o H
{“ i
N2q(p)
3, ple.p) = Pp)P(e) ~ — 5= (10)
- 10
@ 1 outside a region of very small distances. An immediate im-
. plication is that
10—6 L
, €24(p) = Nag(p), (11)
0 2 ;1 ('5 é 1'0 12 so that the number of ejected particles and the energy depos-
pla] ited at the surface are proportional to each other, as assumed

in the BH theory. However, another important implication is

FIG. 7. Surface density of mean energy of sputtered Cu atomshat the amount of energy transported to the surface is sub-
vs distancep (measured in units 0A=3.61 A) from point of ion  ject to strong internal noise, as the number of ejected par-
incidence for 5 keV Cu ions on semilog scale. The solid line is theticles clearly is. This means that the energy flow varies
best fit of the data to an exponential with a polynomial prefactor.strongly with time and space. Hence, fluctuations may play
namely, 0.297p°~0.39%)exp(~1.27). The dotted line, which cor-  an important role for pattern formation. This may limit the
responds to a fit to a Gaussian, is obviously inadequate. applicability of deterministic continuum theories based on

In the previous figure, we have studied the mgsee Egs. the average energy, vyhich do not treat the fluctuations cor-
(6) and(7)]; let us now consider other characteristic featured©€Ctly- This problem will be pursued elsewhere.
of the probability densitp(p, €). Thus, in Fig. 8 we show the
surface-integrated probability densitp(e)=[d?p p(e, p).
The behavior is compatible with a simple power law for for
large €, namely,

V. CONTINUUM APPROXIMATION TO ENERGY
DEPOSITION

q B Within Sigmund’s approximatiof¥, the rate at which the
ple) = broe € 2, (9)  target is being eroded at an arbitrary point on the surface is
proportional to the total amount of energy deposited there
our best fit corresponding =5.26,b=5.03,«=1.87. Fig-  from ion collisions. In his theory for amorphous or polycrys-
ure 9 displays the conditional probability densjife|p) of  talline targets, an accurate description of the sputtering phe-

10 T 4 L LI | 4 T Ty
iF 4
oty ~+ 1 FIG. 8. Probability density of energy, which is
= h " . transported to the surface by a single collision
& * TS cascade emerging from a 5 keV Cu ion, on a log-
‘*‘+ log scale. The solid line corresponds to the func-
oot 1 +¥ | tion 5.2595.035+¢) 1874 which is the best fit to
’ *{;. a simple power lavg/(b+ €)%, while the straight
%ﬁ line represents a simplke? power law.
ﬁ%\
¥,
0.001 | “ﬁ% 1
.
+
0.0001 el R N
1 10 100 1000

e [eV]

125407-6



INFLUENCE OF COLLISION CASCADE STATISTICS. PHYSICAL REVIEW B 71, 125407(2005

!
A
I
)
o1 | i 1
A
s ) o
= 5 FIG. 9. Conditional probability density(e| p)
% ., 0 % N to find energye for ejected particles keeping the
® ﬁ distancep fixed. Different symbols correspond to
E . ) different values 1.& p=<10.0.
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nomena can be achieved by assuming that energy is depos- oo [

ited following the Gaussian distributiofl). vo(Y0,ReRy) = A J f O(X',y") exq(X’,y" )X dy’,
Bradley and Harpérlater employed this energy distribu- =T

tion in order tocomputethe local erosion velocity at an (13

arbitrary surface poin©, allowing for gentle surface undu-

lations. To perform the calculation, a new local referencewhere A is a proportionality constant relating deposited en-

frame is taken in which th2’ axis is taken along the surface ergy with the number of sputtered atoms, and the integration

normal atO. The principal curvatures are assumed along theimits are taken to infinity thanks to the assumed fast decay

X' andy’ axes that are defined, respectively, as the directionf the energy distribution, taken by BH to be Sigmund’s

orthogonal toz’ that is in the plane defined by this axis and Gaussian, namelye,y=¢; in Eq. (13). By expanding this

the ion trajectory and the remaining direction in order toequation to lowest nontrivial order @/'R,, a/R,<1, Brad-
make up a right-handed reference frame. Assuming that they and Harper obtainéd

radii of curvature a0, R,, andR, are much larger than the
average penetration depththe surface height can be ap-

= r r
proximated taz' (x',y") ==3[(x'2/R)+(y'2/R))]. In order to V6 = NoA e®oe @724 | To(yo) + % + D) ,
obtain the erosion velocity, we have to add up the total en- X Ry

ergy deposited aD from ions entering the whole target, (14)
expressing the ion flux and energy distribution in the latter

reference frame, which is related with the one implicit in Eq.where'y(y;), I'y(y0), andT () are functions that depend
(1) as not only on the incidence anghg, but also on features of the

o o energy distribution such & «, andg.
X =X"cogyo) +2' sin(yy),

A. Sputtering yield
y=y', 2=2'codyy —X'sin(yy), (12)

Formula(14) enables computation of various relevant ob-
with vy, being the incidence angle formed between the iorservables. Thus, the sputtering yie¥dy,), defined as the
trajectories and thiocal surface normal a. Accounting up  total number of sputtered atoms per incident ion, is easily
to curvature corrections, the ion flux readb(x’,y’) related tovg by geometry asY(yy)=nvo(vo)!(PgC0OSYy),

=d[cosyy—(x'/Ry)sin yo], wheredy is theconstantnomi-  wheren is the number of atoms per unit volume in the target.
nal ion flux. Taking all this into account, the erosion velocity Assuming a flat interface, that is, in thg, R,— c limit, one
at O reads, finally, is left with
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10

Y(y,) / Y(0)
Y(v,)/ Y(0)

0 T T v T T T T T
0 20 40 60 80 0 20 40 60 80
v, (degrees) ¥, (degrees)
FIG. 10. Normalized sputtering yiel(y,)/Y(0) as a function FIG. 11. Normalized sputtering yield(y,)/Y(0) as a function

of incidence angley,, for the various one-dimensional energy dis- Of incidence angley,, for the various two-dimensional energy dis-
tributions. Thick solid line: Bradley-Harper foa=3.8 nm, «  tributions. Thick solid line: Bradley—Harper foa=3.8 nm, «
=2.2 nm,3=1.5 nm. Thin solid line: modified Gaussian, E81),  =2.2 nm,$=1.5 nm. Thin solid line: modified Gaussian, £g0),
for a=3.8 nm,s,=2.2 nm, o, =1.5 nm. Dashed line: exponential, for a=3.8 nm,o,=2.2 nm,g,,=1.5 nm. Dashed line: exponential,
Eq. (23), for a=3.8 nm, 0,=2.2 nm, ¢,=0.28 nm,c=-0.14 nm.  Eq. (19), for ¢=-0.14 nm,a=3.8 nm, 5,=2.2 M, 05,,=0.28 nm.
Dotted line: truncated exponential, E@3) with c=0 nm, anda  Dotted line: truncated exponential, E(L9) with ¢=0 nm, anda
=3.8 nm,0,=2.2 nm,0,,=0.28 nm. =3.8 nm,0,=2.2 nm, 0,,=0.28 nm.

scale that provides the wavelength of the periodic ripple
(15) structure which appears. The best way to assess the features
and properties of such a pattern is through the dynamical
Note that, for a flat surface, the local angle of incidenge equation for the surface height derived by Bradley and
coincides with the angle between the ion beam and the noHarper, which we briefly recall for the sake of the reader and
mal to the uneroded substrate. Working with Sigmund’s disfor later reference. Thus, starting from the equation for the
tribution (1), BH found' that Y(y,) increases monotonously erosion velocity, consider now a laboratory frame of refer-
as a function ofy,—examples of the behavior &f(y,) asa  ence(X,Y,Z), defined as follows: th& axis is chosen to be
function of y, using BH's results are provided by the thick normal to the initial flat surface. The incoming beam direc-
solid lines in Figs. 1Qfor one-dimensional substrajeand tjon forms an anglef with Z, and both direction define a
11 (for two-dimensional substrates-such that the maximum AT . L
o L . T plane where theX axis lies. Finally, theY axis is perpen-
efficiency for erosion is achieved at grazing incidence, con*’ < AT .
trary to experimental evidence for amorphous, polycrystaldicular to theX andZ directions. We describe biy(X, Y1)
line, and crystalline targef$-%5 This feature of the BH the surface height at timeabove point(X,Y) on the refer-
theory originates in a property of Sigmund’s distribution, €nce plane of the unbombarded substrate and assume that it
whose maximum for depositiorr,=(0,0,-a), is located varies slowly enough so that we can work to first order in the

right at the surface under grazing incidence conditions. Howderivatives. In this way, we may approximdté: y,=6
ever, as is well known, there usually exists a valueygf —h/dX, (1/R)=-(*h/X?), (1/R))=—(#h/dY?). Note
<90° for which the yield is maximum, such that the sputter-that, for a flat interfacey,= 6. The velocity of erosion of the
ing efficiency decreases for larger angles of incidence due tgurface heighh is provided by(minus the erosion rateo,
ions being reflected at the surface, an effect which is beyonand we thus get

Sigmund’s approximations.

_ Nuo(ye Ry — *, R, — ©) N I'o(y0)
®, cosy, CoSy,

Y(vo)

1oh_

al'o(6) oh #h #h
=-T.(0)+ =
F ot ol0)

+I,—+T,—, (16
a0 X T XaxZ TYav? (16)

B. Surface morphology

Additional predictions on the morphology of the erodedwhere in our normalizatiorfr is a proportionality constant
target can be derived from E€L4). Thus,I',(yo) is negativé  betweenvg and Iy, Iy, I'y, which can be found in the Ap-
for small local angles of incidence, which implies that thependix for the various distributions considered of energy
erosion velocity is larger at trough®,<0) than at peaks deposition. Considering a periodic perturbation to the flat
(R,>0), inducing a morphological instability. Other surface surfaceh(X,Y,t=0)=Ae**2" and substituting this ex-
relaxation mechanisms exist, such as surface diffusion, thatression into Eq(16), the surface profile evolves as
counteract this instability. Competition between the two op-
posing phenomena induces the emergence of a typical length h(X,Y,t) = = Tt + Adte!kXtkeY=et)
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r=-Ik- Fykz, 0=-Tk. (17)  for smallp values. Nevertheless, as we will see, qualitative

) ) morphological resultglo not vary much if we consider, e.g.,
If I'y and/orT’y are negative, there will be values for the wave 5 «ryncated exponential” distributiofl9) with c=0, which
vector(kq, ko) of the perturbation that make it grow exponen- is, now, physical, and preserves both main features of Eq.
tIaIIy This behavior is the mathematical exprESSion of the(lg), name|y, zero energy deposition a|0ng the ion trajectory
physical instability mentioned above, leading to ripple and exponential decay. However, as a difference with BH
formation/#? and is due to the curvature dependence of thgesyits for any value of cEq. (19) is not amenable (in the
erosion velocity that is larger in surface troughs than in surgase of two-dimensional substrates, see below) to analytical
face protrusions. The observed ripple wavelength arisefesuits for the coefficients appearing in the erosion velocity
when additional smoothing mechanism such as surface difys 3 function of experimental parameters. For this reason,
fusion exist that compete with the sputter instability, leadingand in order to facilitate analytical results in such cases, we
to selection of a specific length scale. Taking these mechaj| also consider the following modified Gaussian (thus the

nisms into account;® Eq. (16) reads subscripts) distribution
sh ao@oh  #h _ &h 4 2202l (2.4 B2202
- F{_ FolO+ = ox * e * Ty [ 7BV &g(p,2) = Nyep?e 1717 lgrlie a2zl
18 -
(18) Ng = [2(2m)¥ 207 0], (20)

where, in principle,B is a thermally activated coefficient ] ] ) ) )
which depends on the surface self-diffusiviy, the free ~Which, again, shares with Eq19) inducing zero energy
energy per unit areg, and the number of atoms per unit area deposition along the ion trajectory=0, but is otherwise
moving across the surface, asB=2D.ya/(n%kgT). In this Gaussian in all three directions far enough from the ion path.
caser=-T,k-T'k3-B(k2+k3)? and there is only a band of

unstable perturbations. The observed ripple waveleRgth A. One-dimensional interfaces: Sputtering yields

provided by the wave vector which has the largessitive
value ofr, and has a valua «[B/(F|T'|)]*2, with T being
that coefficient, out of’, andI'y, which, being negative, has
the largest absolute value. Actually, working with Sigmund’s

djjtribution (Il), ZH gbtainehd that Fx(a):ry(0)<? for ;n- h(X). These results will be then compared to the analogous
cldence ?‘Eg esb .0\ Oc, W ereas onltla dély(0)< «(6) of " ones by Bradley and Harper, which will allow us to assess
0> 0, with I'y being negative for all angles up to grazing gitterences due to the new form of the energy distribution—

incidence. Morphologically, this means that for small anglesy,,q4y due to the fact that in our case no energy is deposited
of incidence G=< 6= 6, ripple crests are oriented perpendicu- along ion trajectories.

lar to theX’ direction (the projection of the ion beam onto For a one-dimensional target, distributi620) reads
the substrate planewhereas they are oriented perpendicular '
to they’ direction for incidence angles larger than the critical 9(x,2) =N e DA g2+ @207
one, 6. Many experiments?®4¢have verified the validity of g 9 :
the BH theory to describe ripple wavelength and orientation.

In order to develop intuition about morphological predic-
tions from Egs.(19) and (20), we consider first thénon-
physica) case of a one-dimensional target, whose surface
height is described by a single variable functigitx’), or

N*= (2mo,0o) ™. (21)
VI. MODIFIED ENERGY DISTRIBUTION FUNCTIONS Writing the local velocity of erosion in terms @, 1'%
The results of computer simulations within the BCA ap- analogous of those in E¢14), we obtain

proximation, obtained in the previous sections for Cu ion iy
bombardment of a Cu target, are described by an energy = NYA epe1@202]| T9.1d 4 l (22)
distribution that differs substantially from that obtained by vo=Ng A€¥0 0 R |
Sigmund in the case of polycrystalline or amorphous sub-
strates. Using cylindrical coordinates around the ion trajecwhere the full expressions fatd andl“)?’1d as functions of
tory, as in previous sections, we hafrecall Fig. 7 above Yo &, 0y, ando, can be found in Appendix A 1.

P On the other hand, distributiol9) reads, for a one-

€o(p,2) = Nee(p? + cp)e Ploleglz+a7205] = (19)  dimensional interface,

X

where Ne:[(27r)3’2¢rz(6cr§y+2cU§’y)]‘1 is a normalization
constant. Values foc and o that best fit simulation results
werec=-0.14 nm,o,,=0.28 nm, see Fig. 7. Note two main
differences between distributiof19 and Sigmund’s distri- N(led:[\;'zgz(4gf+ 2(;05)]-1. (23
bution (1): decay here is slowdexponential as compared to

Gaussian, thus the subscripts in E§9)] in the plane per- In this case, the prediction for the local velocity of erosion
pendicular to the ion trajectory, and energy depositiomis  has a shape that is similar to E@1), albeit with more com-
along the ion trajectory itself. On the other hand, distributionplex coefficients, whose detailed analytical expressions are
(19) is unphysical since<0 leads tonegativeprobabilities  again left to Appendix A 2:

U
€29(x,2) = Nee(X® + c|x|) e~ (/o + a%207]
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1 22o2| ped r§~1d dence angles smaller than grazing, in contrast with the BH
Vo= Ne Aedoe ™ 1502 I+ == (24)  result(thick solid line, that is maximum only fory,=90°.
X As in the one-dimensional case, there is only a slight quan-
In Fig. 10, we plot the normalizedto the corresponding titative change in the yield curve if we change parameter
values for normal incidengesputtering yields((y,) obtained the exponential distributiofil9) from the value fitting BCA
through formula(15) for the modified Gaussia2l) and data(dashed ling to the truncated exponential vale0
exponential(23) distributions. For the sake of reference, the (dotted ling. Also as in the @ case, the quantitative change
BH yield is also shown(thick solid ling. Parameters em- is larger if we consider, rather, the modified Gaussian distri-
ployed in Fig. 10 are typical for Cu ion bombardment of Cubution (20), the maximum of the yield being attained for
for energies in the range of a few keV, as confirmed bysmaller incidence angles. Note, incidentally, that maxima of
TRIM/SRIM simulations? We can see that for both modi- the sputtering yield for Xebombardment of Cu have been
fied distributions, Eqgs(21) and (23), the corresponding reported to occur darge but nongrazingngles® As in the
yields feature maxima before grazing incidence, as a differdld case, yield maxima at nongrazing angles are due to en-
ence to the BH curve. This is in agreement with experimentaérgy deposition being most efficient at a certain finite dis-
data?*—*°and is due to the fact that maxima of energy depo-+ance from the ion trajectory.
sition are not along the ion trajectory for these distributions The yields displayed in Fig. 11 are positive and nonzero
but, rather, at a certain finite distance from it, which makedor all values ofy, and amount to large sputtering rates, as
grazing incidencenot the most efficient one for sputtering. found in experiment&-4° In the present two-dimensional
From the figure, we can also conclude that changing thease, for grazing incidence the radial component of the en-
value of parametec in distribution (23) from the value de- ergy distribution vanishes at the point of impact with the
duced from the BCA simulationgdashed ling to c=0  surface, but not at finite distances from it, which implies that
(“truncated exponential distribution,” dotted lindoes not  after surface integration the total deposited energy is nonzero
modify greatly the quantitative behavior. A larger quantita-and the yield is positive.
tive modification[but not qualitative, in the sense that, in all
cases,Y(yp) is maximum for nongrazing incidentés ob-
tained when decay is Gaussifdistribution (21), thin solid We are now in a position to study the consequences for
line in the figurd, rather than exponential. the ripple formation process, of the new features
The fact(seen in Fig. 1Dthat the yield is negative for presented—as compared with Sigmund’s formla—by
large incidence angleg, as computed using the exponential the energy distributiori19), suggested by our BCA data, or
distribution with c<0, is due to Eq.(23) taking negative its analytically more suited counterpart, Eg0). In order to
values for small distances to the ion path. As will be seerdo this, we follow the approach pioneered by Bradley and
below, this is an artifact of the one-dimensional approxima-Harper. Once we take the assumption that the erosion veloc-
tion, as is the fact that the yields computed from the modifiedty at a surface point is proportional to the total amount of
Gaussian distributiori21), and from the exponential distri- deposited energy, and by incorporating surface diffusion ef-
bution (23) with c=0, vanish fory,=90°. fects, the steps sketched in Sec. V B lead us to an equation of
the same form as Eq18), but with coefficientd"y, Iy, and
I'y, that differ for each energy distribution function consid-
ered. As a partial consistency check of our results, note that
Naturally, the physically relevant case is bombardment ofor normal incidence, th&«y symmetry is restored on the
two-dimensional targets. In this case, the analysis is morsubstrate plane so thE{(0) andI'y(0) must coincide. While
complex, to the extreme that no closed analytic expressionor the case of Eq.(25), we obtain analytically I'J(0)
are available analogous of those found previously, for th&r3(o):-47-r§g§y/o-§, for distribution (19) the equality has
exponential distributior{19) that best fits our BCA simula- to be checked numerically, which indeed we have done.
tion data. Results for this distribution will be provided from  |n Figs. 12-14 we present results for the “effective sur-
numerical solutions of E13) using Eq.(19). On the other  face tension” coefficientd’, and T', for the various two-
hand, we have seen in thel tase that distribution®1) and  dimensional distributions that are normalized by their corre-
(23) lead to similar qualitative results for the shape of thesponding absolute values for normal incidenge0 [note
sputtering yield. For the @case, expressioflL3) using the  that in the interface equation, EEL8), the coefficientd g,
modified Gaussian distributiof20) does lead to closed ana- appear evaluated at valueof their arguments We see in

2. Surface morphology

B. Two-dimensional interfaces

lytical expressions for the coefficients in Figs. 13 and 14 that, is smaller thanl', for incidence
9 9 anglesf< 6, and thafl’, is always negative, similarly to the
Vo= NgAe@Oe—(¥/2a§)[rg+ TX oy _Y], (25) BH case, displayed for the reader’s convenience in Fig. 12.
Re Ry One of the successes of BH's theory lies in its description of

the orientation of the ripple structure for different ion inci-
dence angle®. Here we see that, although distributidid®)
and(20) lead to quite different sputtering yields as compared
to Sigmund’s distribution, the qualitative behavior of coeffi-
In Fig. 11 we see again that the sputtering yields for botfcientsI'y andI'y is quite similar to that found by BH, and
modified distributions(19) and (20) have maxima for inci- thus leads to analogous morphological properties as de-

that can be found in Appendix A 3.

1. Sputtering yield
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FIG. 12. Normalized values df, andI'y for the distribution(1)
using the same parameter values as in Fig. 11. FIG. 14. Normalized values df§ and T for the distribution
(19) using the same parameter values as in Fig. 11. The inset cor-
scribed in Sec. V B. Moreover, since dependencies of théesponds te=-0.14, while the main panel correspondscte0.

ripple wavelengtth.o yB/(FII) on parameters such as ion study the sputtering process in the framework of continuum

flux CDP’ temperature, or average ion energiare due to theories, as applied to amorphous and polycrystalline sub-
those in the constants and B, and theseare the same as  gyateg. | particular, we find that near the point where the ion
those in BH(see Appendix Eq.(18) predicts these for Cut0 penetrates the target, the sputter probability goes to zero,
be (qualitatively the same as obtained from BH thedry. hile the Bradiey—Harper/Sigmund theory predicts maxi-
Note this isalsothe case in the presence of nonthermal surmym sputtering at that point.
face diffusion in which, similarly to BH,the constanB has We have fitted heuristic functions to our data. We find that
no dependence on temperature and is rather proportional #hexponentialrather tharGaussiaras in Sigmund’s theojy
F. Overall, given that experimental results are in good agreedecay with a combination of a quadratic and a linear prefac-
ment with BH predictions for metafs}?°we can conclude tor fits the data well. The main physical effect, namely, the
that, in order to provide qualitativanalytical estimates for hole near the point of penetration, can be reproduced also
morphological properties of ripple formation on metals, thequalitatively using a Gaussian distribution with a quadratic
modified Gaussian distributioi20) seems to be a reasonable prefactor that lends itself to exact results. We have performed
choice. analytical calculations of the local erosion velocity following
the Bradley—Harper approach for one- and two-dimensional
surfaces for both types of modified distributiaifier the two-
dimensional exponential distribution, the equation could be
We have studied numerically the sputtering process of Csolved only numerically We find that the sputter yield is
ions on Cu fcc crystals by means of the binary-collision ap-qualitatively different as compared with the BH approach. As
proximation. We have analyzed the distribution of sputtereca function of the angle of incidence, the yield exhibits a
particles and their energies, and found significant deviationgmaximum at an angle smaller than 90°. This is in good
from Sigmund’s formula, which is traditionally employed to agreement with experimental findings, in marked contrast
with the analogous BH result using Sigmund’s distribution,
even without implementing explicitly reflection of the ions
I for grazing incidence, which is usually regarded as the main
X cause for the decay of the yield at grazing incidence. Finally,
we have computed also the ripple orientation-determining
y parameterd’, andI'y, usually referred to in this context as
effective surface tension parameters. These turn out to be
only slightly modified with respect to the BH theory, and
lead to a qualitatively similar pattern formation process. De-
pendencies of the ripple wavelength on phenomenological
parameters, such as ion flux, ion average energy, and tem-
_‘_\/ P perature are as in BH theotysince the influence of nonlin-
T == earities on ripple characteristics is still under debate even
0 20 40 9, 60 80 within Sigmund’s theory proper, we have not considered this
6 (degrees) type of effects here. At any rate, the same type of nonlinear
terms would appear in the interface Ef8) as compared to
FIG. 13. Normalized values df} and I’y for the distribution  the corresponding equation for amorphous or polycrystalline
(20) using the same parameter values as in Fig. 11. substrate$:®

VII. SUMMARY AND OUTLOOK
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Thus, as a general conclusion on pattern formation by
ion-beam sputtering, our results justify the similarities found
in experiments on metals, to the analogous processes in
amorphous or amorphizable materials, and point to potential
quantitative differences that would possibly merit further
studies. Additional features of ripple formation in metals
such as their existence for normal incidence or change of
orientation with temperatu?é>16 are not explained by the
special properties of the collision cascades in these systems
that we have studied here but, rather, by the special proper-
ties of surface diffusion in such anisotropic substrates.

Regarding future work, it would be also interesting to see
whether the hole near the point of penetration can be found
in experiments and/or in more detailed simulatiésisch as,
e.g., by molecular dynamigsTo our knowledge, no analysis
of single-ion impacts on metals exist so far. Furthermore, it
would be worth incorporating the modified energy distribu-
tion into existing simple Monte Carlo models of surface
sputtering, such as those in Refs. 17 and 47, in order to
improve their description of erosion processes in metallic
substrates, specially at the large distance and long-time re-
gime for which this type of models is particularly suited.
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APPENDIX A: ANALYTIC EXPRESSIONS FOR
COEFFICIENTS IN THE EROSION VELOCITY

In this appendix, we provide the full expressions for the
coefficients appearing in various expressions for the surface
erosion velocity, Eqs(24), (22), and (25), that have been
computed analytically for those energy distributions for
which such type of results are achievable.

1. One-dimensional modified Gaussian distribution
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