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Sputtering from ion-beam-roughened Cu surfaces
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A comprehensive theoretical and experimental study of sputtering from copper surfaces roughened by
low-energy Ar1 ion bombardment is reported. The total sputtering yields of thermally deposited Cu samples
bombarded by 400-eV and 800-eV ions at 0°–70° angles of incidence have been measured and compared with
a numerical model we have developed. To compute sputtering yields from rough surfaces, an original approach
has been introduced, which accounts for sputtering anisotropy and shadowing of material emitted at grazing
angles. The approach is flexible with respect to surface morphology and can be applied with any submicron
structures. To specify the morphology that develops on the Cu surface under low-energy ion bombardment, the
surface of bombarded Cu samples has been investigated by scanning electron microscopy. The morphology has
been found highly unstable, appearing with random roughening, inclined conelike structures, ripples, or almost
flat surfaces, depending on the bombardment conditions. For the samples considered it is found that the angular
dependency of the total sputtering yield is strongly affected by surface morphology, which varies with the
angle of ion incidence and bombardment energy. Approximations for accounting for the surface roughness
required to describe sputtering at particular energy and angular regimes are discussed.

DOI: 10.1103/PhysRevB.66.125407 PACS number~s!: 79.20.Rf, 61.82.Bg
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I. INTRODUCTION

It is commonly known that ion bombardment modifies t
surface morphology by producing submicron-sized rou
ness or, contrarily, causing surface polishing. Ion-induc
formation of conic structures, pyramids, and ripples has b
the focus of experimental and theoretic research
decades.1–3 Recent studies emphasize the nanostructu
outcome of the phenomenon.4–10As can be seen from avail
able experiments, the surface morphology that develops
to the ion bombardment is strongly sensitive to the ion s
cies, as well as energy and angle of incidence.1–5,10 In par-
ticular, the angular dependence of ion-induced roughnes
being actively addressed in the literature.4,5,7 The surface
morphology is found to be strongly related to the direction
the ion beam, and can present as conelike structures,4 or as
ripples aligned normal7,8 or parallel5,7 to the beam plane.

Ion-induced surface roughening has been qualitatively
derstood in the framework of the kinetic theory suggested
Bradley and Harper11 and developed by Carter12,13and Bara-
bási and co-workers.14–17The approach is based on the Si
mund theory of isotropic collision cascades,18,19 after which
the sputtering rate scales with the product of the local
flux and the local deposited energy. This allows account
for the surface curvature through an increase of the lo
sputter rate at troughs and a decrease at crests.19,11 The re-
sulting positive feedback enhances a surface’s uneven
and leads to a self-maintained roughening. However, the
ditional theory of isotropic sputtering disregards the casc
anisotropy, and therefore is confined to keV and higher bo
bardment regimes, when the isotropic approximation is j
tified. Also the theory is known to overestimate the sputt
ing rates at grazing local angles of incidence18

Consequently, in spite of the elegant accounting for the
0163-1829/2002/66~12!/125407~8!/$20.00 66 1254
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face curvature, the kinetic theory of surface roughening
still rather qualitative.

We believe that the way towards a better understandin
ion-induced roughening lies through a more accurate
counting of sputtering yields from uneven surfaces. Furth
more, a comprehensive theoretical description and/or si
lation of total and differential sputtering yields from realist
rough surfaces responds to the existent need in modelin
sputter particle sources for various deposition proces
However, understanding of sputtering from rough surface
far from complete. Major analytic results have been obtain
without accounting for sputtering anisotropy and overloo
ing shadowing of particles emitted at grazing angles.13,15,16

Some binary-collision simulations of sputtering from rou
surfaces20,21 do address a few particular target morpholog
with fractal topography20 and random roughness,21 but do
not consider other frequently encountered structures, suc
cones or ripples. As far as experiments are concerned, stu
with both measurements of the sputtering yield together w
a complementary survey of the surface morphology are
tremely rare. Particularly, surface roughness that develop
the sub-keV bombardment regime, which is relevant
many nanofabrication techniques, appears to be overloo
by experiments.

In this paper we present a comprehensive theoretical
experimental investigation of sputtering from copper s
faces roughened by sub-keV ion bombardment. In Sec. II
original approach is introduced to compute sputtering yie
from rough surfaces, which accounts for sputtering anis
ropy and shadowing. The approach is flexible with respec
surface morphology and can be applied with any submic
structures. To specify the morphology that develops on a
surface under low-energy ion bombardment, the surface
Ar1 bombarded Cu samples has been investigated by s
©2002 The American Physical Society07-1
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ning electron microscopy~SEM! at various angles of inci-
dence. The total sputtering yields also have been measu
We outline the experimental techniques employed in Sec.
The effect of ion-induced surface morphology on the to
sputtering yield is investigated in Sec. IV by comparison
our experimental results with theoretical modeling. Conc
sions are summarized in Sec. V.

II. THEORY

We consider sputtering of an uneven surface paralle
the $x,y% plane of the laboratory frame, with the axisz di-
rected inward with the surface’s overall normal. The inco
ing ionic beam lies in the$x,z% plane. The beam’s direction i
defined by the unit vectorni5$u i ,0%, u i being the angle of
incidence with respect to the laboratory-frame axisz. Be-
cause the surface is rough, its local areas have various o
tations defined by the local inward normalns5$us ,ws%,
whereus and ws are laboratory-frame polar and azimuth
angles, respectively. We describe the surface with the di
bution of local orientationsv(ns), which is normalized, as

E v~ns!dns5S/S0 , ~1!

whereS is the area of the rough surface andS0 is the corre-
sponding flat area in the plane$x,y%. For each surface orien
tation,ns , the ionic beam makes the local angle of inciden
u loc

i with respect tons . Sputtering of particles from the loca
surface elementdns is described as for the flat surface for th
angle of incidenceu loc

i . This gives the local differential sput
tering yieldY(u loc

i ,nloc), with nloc5$u loc ,w loc% the direction
of emission with respect to the reference frame related to
local directionns . Respective laboratory-frame distributio
of sputtered particles,Y(ns ,n), is given by

Y~n,ns!dn5Y~u loc
i ,nloc!dnloc , cosu loc

i 5ni•ns ,

n5Tsnloc , ~2!

the symbolTs denoting the coordinate transformation fro
the local to the laboratory reference frame.

Some particles that have been sputtered are redeposi21

and do not contribute to the total sputtering yield. We a
count for this shadowing effect through the coefficie
P(n,ns), which represents the probability for a particle em
ted from the local surface elementns in the directionn to
avoid being redeposited. The total sputtering yield from
rough surface is thus given by the integration

Y5~cosu i !21E v~ns!E cosu loc
i Y~n,ns!

3P~n,ns!dndns , cosu loc
i .0. ~3!

The computation is done in two steps. First, we comp
the differential sputtering yield for a flat surfaceY(u loc

i ,nloc),
as a function of the angle of incidenceu loc

i . For this purpose
we solve numerically a set of master equations, as discu
in detail in Ref. 22. In contrast to traditional analytic the
12540
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ries, our approach accounts for the deflection of incom
ions and emitted particles when they pass the surface at
lique angles,22 which provides more realistic angular depe
dencies for the total and differential sputtering yields. T
theory22 is adapted specifically for sub-keV sputtering r
gimes.

At the second stage of the computation, the laborato
frame differential yieldsY(n,ns) are obtained from Eq.~2!
and inserted in Eq.~3!. The distributionv(ns) and the prob-
ability P(n,ns) are defined individually for each surfac
morphology. We have considered three kinds of structu
straight cones@Fig. 1~a!#, inclined cones@Fig. 1~b!#, and tri-
angular ridges@again, Fig. 1~a!#. We describe the surfac
structure with the parameterh5h/d, h being the height of
the structures andd being the distance that separates neig
boring structures. For inclined cones, which have an ellip
base,d is the ellipse’s smaller axis. Inclined cones are a
described with the anglea between the cone’s axis and th
surface normal, as shown in Fig. 1~b!. Our approach allows
any orientation of the inclined cones and ridges with resp
to the ionic beam, so we do not specify their orientation
this point.

Finally, shadowing must be taken into account. We se
a representative structure~a cone or a ridge! and consider
emission from a point$xs ,ys ,zs% on its surface. For the
structures considered,zs is the height with respect to th
cone’s or ridge’s base and$xs ,ys% define the local surface
orientationns with respect to the laboratory frame. Thus, f
a selected structure, any source location can be descr
with the coordinates$ns ,zs%. Next, we describe local direc

FIG. 1. Sketch of the surface structures considered.~a! repre-
sents a cross section for straight cones and triangular ridges, an~b!
the one for inclined cones. The arrows indicate the directions
emitted particles, and the long-dashed lines show the cross se
of the imaginary shadowing wall. The particles labeled ‘‘1’’ a
sputtered, whereas those labeled ‘‘2’’ are shadowed partly~for
cones! or totally ~for ridges!.
7-2
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tions of emission by vectorsnloc5$u loc ,w loc%. The local po-
lar emission anglesu loc range between 0 and2p/2, and local
azimuth emission anglesw loc range between 0 and 2p with
respect to a local reference frame related tons . For each
local emission directionnloc , we obtain the respective
laboratory-frame emission directionn5Tsnloc , and deter-
mine the probability to avoid the redepositionP as a function
of the source location$ns ,zs%.

It is convenient to subdivide the shadowing mechanis
into two categories. First, some emission directions hav
positive z projection n•z.0, which means that particle
move towards the surface and therefore cannot be sputte
Thus, our first shadowing condition is

P~n!50, n•z.0. ~4!

For the structures considered, the condition~4! does not de-
pend on the source location$ns ,zs% after n is defined.

The particles that haven•z,0 move away from the sur
face and potentially can be sputtered. However, obliqu
emitted particles can be redeposited on neighboring st
tures, as sketched in Fig. 1. We account for this shadow
mechanism by considering the passage of sputtered part
through an imaginary wall around the surface structure. T
cross section of the wall is shown in Fig. 1 by long-dash
lines. For straight cones, the wall is a cone-centered cylin
with the radiusd. For inclined cones, the wall is a similarl
inclined elliptic cylinder with the size of the base equal
double the size of the cone’s base. For the ridges, the
consists of two vertical planes parallel to the ridge. We c
sider the height of intersection with the wallj for each di-
rection of emission. Whenj.h, as for the directions ‘‘1’’ in
Fig. 1, the probability of passageP is equal to unity. Other-
wise, as in the cases labeled ‘‘2’’ in the figure, the probabi
P is assumed equal toj/h for cones and zero for ridges. Th
heightj is the function of the laboratory-frame emission d
rection n and on the source location$ns ,zs%, and so is the
respective probability of the passage. Therefore, our sec
shadowing condition reads

P~n,ns ,zs!5H z~n,ns ,zs!/h cones,

0 ridges,
0<z~n,ns ,zs!<h.

~5!

To obtainzs-independent probability of passage, we ta
the average,

P~n,ns!5E
0

h

w~ns ,zs!P~n,ns ,zs!dzs . ~6!

In Eq. ~6!, the weighting functionw(ns ,zs) is normalized so
that *0

hw(ns ,zs)dzs51. This function describes the relativ
contributions from local sources with the same orientat
ns , but different heightszs . For example, ridges have jus
w51/h, whereas for straight conesw(zs)52(h2zs)/h

2.
For inclined cones,w is a function of bothns andzs .

To our knowledge, similar approaches reported by ot
authors disregard the effect of shadowing,13,15,16or account
for it in a simplistic way through a universal probabilit
P(u) that depends only on the laboratory-frame polar an
12540
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of emissionu.21 Also our angle-resolved local sputtering ra
accounts for the sputtering anisotropy, which makes the
proach applicable for sub-keV bombardment and provide
more realistic function of the local angle of incidenceu loc

i .22

However, we do not consider the surface curvature since
paper concentrates on the sputtering yields rather than
self-consistent modeling of surface roughening. Potentia
the influence of the curvature can be introduced in Eq.~3!
through an additional integration over the rough surface w
an appropriate weighting function, but it would give only
minor correction to the total yield.

Our approach is applicable with any surface morpholo
unless the surface structures are too tiny to apply the
surface approximation for local angular distributions. For t
ion energy regimes considered, the theory presented is
pected to describe sputtering of submicron-sized structu
with an acceptable accuracy. Note also that our approach
be easy generalized to provide angular and angle-reso
energy distributions of sputtered particles, although we
not consider the differential yields in this paper.

III. EXPERIMENT

Copper samples for our sputtering studies have been
pared by physical vapor deposition using a VUP-5 SEL
~Ref. 23! thermal evaporation unit~base pressure less tha
1 – 231026 Torr). Industrial 99.98% pure copper sourc
were employed. For substrates, monocrystalline~001! boron-
doped, 7.5-V cm silicon wafers were used. The depositio
provided 500–1000-nm-thick Cu films. Tests by x-ray d
fraction do not reveal much texture in the films prepared t
way. The state of the surface of the samples used in this w
has been characterized by scanning electron microsc
~SEM! with the CamScan 4-88 facility. As-deposited su
faces have been investigated by SEM. The surfaces had
dom ;1–4-nm-sized roughness.

The deposited Cu samples have been subsequently b
barded by 400- and 800-eV Ar beams at room temperat
Before bombardment, the samples were partly masked in
der to obtain well-defined steps from the sputter erosion
specially designed duoplasmatron ion gun24 provided a 50-
mm-wide, well-collimated, 95% neutralized Ar beam wi
the flux density of 0.731015 and 1.331015 cm22 s21 for
400- and 800-eV energies, respectively. The determinatio
the ion flux has been performed by sputtering refere
GaAs samples for which the sputtering yields have been
viously tabulated.25 The sample holder allowed positionin
the samples at angles of 0°–75° between the surface no
and the bombarding beam. The 400-eV bombardment
for 15-min duration, and that of the 800-eV bombardme
was for 10 min. This made 100–300-nm-deep sputter crat
depending on the angle of ion incidence. The sputter
yields were determined by measurement of the height of
step after removal of the mask. A DEKTAK-3030 profilom
ter was used for these measurements. The surface morp
ogy of the Cu samples after the bombardment was inve
gated by SEM.
7-3
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IV. DISCUSSION

A. Experimental results

Figure 2 presents the measured total sputtering yields
Cu bombarded by 400- and 800-eV ions at varying angle
incidence with respect to the surface normal, compared
our numerical results for a flat surface.22 For 400-eV bom-
bardment, the agreement is reasonable for normal incide
and at grazing anglesu i.50°. However, at the anglesu i

530° – 45° the measured yield is very close to that at nor
incidence, whereas the computation predicts a steady
crease of the yield untilu i'75°. For 800-eV bombardmen
the computation overestimates the yield significantly at
anglesu i surpassing 50°, and the maximum of the compu
dependence is shifted by 20° towards larger angles with
spect to the experiment.

It has been already demonstrated that surface rough
decreases the sputtering yield at oblique ion incidence,21 so
that it is natural to expect the difference to result from s
face morphology. We therefore have investigated the stat
the surface of bombarded copper samples by SEM. The
crophotographs obtained for 0°, 45°, 55°, and 60° incide
are presented in Figs. 3~a!–~h!. As can be seen, 400-eV bom
bardment at normal and 45° incidence produces submic
scaled random roughness. At 55° incidence, the sur
structures become smoother, but the roughness recove
u i560°. For 800-eV ion energy, normally incident bombar

FIG. 2. Dependence of the total sputtering yield on the angle
ion incidence with respect to the laboratory-frame surface nor
for 400- ~a! and 800-eV~b! bombardment energies, as measur
and computed for a flat surface.
12540
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ment also generates a random morphology. However,
incidence does not produce a significant roughness, at l
at the submicron scale. Atu i555°, the roughness reappea
with conelike structures inclined toward the direction of t
beam. Finally, a rippled structure aligned parallel to the p
jection of the beam on the surface arises atu i560°. Thus, at
least four different kinds of morphology can be identified
the Cu surface:

~i! random roughness, Figs. 3~a!, 3~b! and 3~e!;
~ii ! even surface, Fig. 3~f!;
~iii ! structure inclined preferentially towards the beam, F
3~g!; and
~iv! ripplelike structure aligned parallel to the beam plan
Fig. 3~h!.

We restrain ourselves from definitive conclusions in resp
to Figs. 3~c! and 3~d!, but suppose the morphology in Fig
3~c! to be a transitory one between the~iii ! and~iv! regimes,
and that in Fig. 3~d! to fall into the ~iii ! category.

f
al

FIG. 3. SEM microphotographs of Cu surfaces bombarded
400- and 800-eV ions at 0°, 45°, 55°, and 60° incidence. The arr
indicate the direction of the ion beam. The angle between the
face normal and the image’s plane was 27°~a!–~e! and 12°~f!–~h!.
7-4
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Comparison of 400-eV and 800-eV bombarded surfa
reveals important similarities. For both 400 and 800-
beam energies, the surface morphology is highly unstabl
the angular regime of 45°–60°; furthermore, in both ca
the morphological transformations include surface smoo
ening @Figs. 3~c! and 3~f!# followed by a recovering of sur
face roughness with likely related morphologies@Figs. 3~d!
and 3~g!#. The difference between 400 and 800 eV is, fir
that the morphological transformations are better pronoun
at higher ion energy: smoothening comes down to a fa
flat surface in Fig. 3~f! versus a partial blunting in Fig. 3~c!,
and inclined structures are better pronounced in Fig. 3~g!
than in Figs. 3~c! or 3~d!. Also pronounced ripples have no
been detected with 400-eV bombardment in the angular
gimes considered.

The observed morphological instability between appro
mately 45° and 60° angles of incidence corresponds we
the kinetic theory,11,12,14 which predicts phase instability o
ion-bombarded surfaces roughly in the same angular
gimes. Also the theory11,12,14 predicts formation of ripples
parallel to the beam plane at grazing incidence, as detecte
Fig. 3~h!. However, the morphological phase diagrams giv
in Refs. 12 and 14 forecast a shift of the phase transfor
tions towards larger angles of incidence with the increase
ion energy. Our experiment does not seem to confirm
prediction, demonstrating rather an opposite trend. This m
match can be rationalized by supposing that sputtering
low-energy ions cannot be described in the same term
average spatial distributions of deposited energy, as ado
in Refs. 12 and 14 for keV regimes.

Indeed, the low-energy bombardment does require a m
detailed description of the energy deposition and sputter
In the next section, we concentrate on total sputtering yie
from the Cu surfaces roughened by low-energy bomba
ment, taking as a basis our recent model of anisotropic s
keV sputtering.22

B. Modeling

We have investigated sputtering of the rough surfaces
merically. We approximate the random structures shown
Figs. 3~a!, 3~b!, and 3~e! with straight cones, as sketched
Fig. 1~a!. The morphology seen in Figs. 3~g! and, presum-
ably, 3~d! is approximated with inclined cones@Fig. 1~b!#.
From the symmetry considerations, one could expect
cone’s axis to be parallel to the ion beam,a5u i . However,
Fig. 3~g! suggests a deviation from the beam direction,

TABLE I. The structures considered in this work. The meanin
of the anglesa, b, andc appear from Figs. 4 and 7~c!, respectively.

Structure Direction Angular regimes
considered

Label

Straight cones a50 u i,b CS
Inclined cones a5u i /2 u i,a1b CI
Ridges aligned parallel

to the beam plane
u i.50° R

Pyramids c55° – 15° u i.50° P
12540
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that a,u i . We assume, rather arbitrarily, the empirical re
tion a5u i /2, expecting it to provide acceptable qualitativ
trends. Finally, we try triangular ridges directed parallel
the projection of the ion beam on the surface to approxim
the morphology shown in Fig. 3~h!. The three first lines in
Table I list the above structures. In the following we deno
the structures, as indicated in the last column in the tabl

The structures considered have limitations with respec
the angles of ion incidence. At grazing incidence, shadow
of the ion beam occurs with straight and inclined cones,
illustrated in Fig. 4. Because the shadowed areas are
sputtered, such structures cannot be stable and therefor
not considered. The ripples parallel to the beam plane, wh
are approximated with the ridges, also have geome
limitations,11–14,17although these are not so straightforwar
Based on our and published4,5,7 experiments and on the
theory,11–14,17we consider the ridge geometry foru i.50°.
The adopted conditions are summarized in the third colu
of Table I.

Figure 5 presents dependencies of the sputtering yield
the roughness parameterh, calculated for 0°, 30°, and 60
incidence with various surface structures. The results
400- and 800-eV bombardment show similar trends, so

s

FIG. 4. Shadowing of the ionic beam at grazing incidence. T
arrow indicates the direction of the beam, and the anglesa andb
define the direction of the cone’s axis and the top half-angle.

FIG. 5. Dependence of the normalized yield on the roughn
parameterh, computed with various structures for 0°, 30°, an
60° incidence. The labels employed for the structures are liste
Table I.
7-5
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the presented dependencies for 800 eV are representati
both cases. As can be seen, at normal incidence the y
increases slightly with increasing roughness up toh'0.4
where it reaches the maximum, although at oblique incide
the yield stays nearly constant untilh'0.1-0.2, and thereaf
ter decreases for all geometries considered. This beha
differs significantly from that reported by Makeev an
Barabási15,16and Carter,13 who found a considerable increas
of the yield with a comparable parameter for norma
aligned sinusoidal ripples15,13and random roughness16 at ob-
lique incidence up toh50.3– 0.4. We attribute lower sput
tering yields obtained in this work to our accounting for t
sputtering anisotropy together with the inclusion of shado
ing. In our model, shadowing cuts out a considerable par
atoms emitted in forward local directions, where the em
sion is enhanced due to the cascade anisotropy.22

Figure 6 demonstrates the angular dependencies of
total yield computed with two kinds of cones for selectedh
values, in comparison with the experimental results. Unf
tunately, the surface roughness~h! varies with angle which
complicates interpreting the results. It can be seen that
counting for the roughness softens the angular depend
of the total yield. At h values greater than approximate
0.35, the calculated sputtering yield becomes almost inse
tive to the angle of ion incidence. We believe that this e
plains why the sputtering yields measured atu i530° – 45°
for 400-eV bombardment are close to the normally incid
case. As seen in the figures, the results withh50.4 agree
closely with the experiment in those angular regimes for b
ion energies. At the same time, significantly smallerh pa-
rameters are required whenu i surpasses 40°–45°, reachin

FIG. 6. Angular dependencies of the total yield computed
400-~a! and 800-eV~b! bombardment with CS and CI structures f
selectedh roughness values, compared to the experimental res
12540
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the regimes of morphological instability. Atu i550° – 70° for
400-eV bombardment andu i540° – 55° for 800-eV bom-
bardment, the experimental results are well described ass
ing a flat surface~Fig. 2! or cones withh<0.2, in accord
with the smoothening of the surface detected in Figs. 3~c!
and 3~f!. However, Figs. 3~d! and 3~h!, which also corre-
spond to the angular regimes in question, show a develo
roughness. Respective experimental parametershexp can be
estimated as approximately 0.2–0.3, which is larger co
pared to the fit theoretic valuesh<0.2. We explain the dif-
ference by the fact that the observed inclined structures h
softer tops in comparison to cones, which leads to so
slopes. Thus, cones with smallerh values would provide a
better approximation.

Under 800-eV bombardment, the surface morpholo
changes to a rippled structure at 60° incidence@Fig. 3~h!#,
and the sputtering yield falls off abruptly at the same ang
In Fig. 7~a! we compare the grazing-angle portion of th

FIG. 7. Grazing-angle portion of the angular dependence of
sputtering yield computed for 800-eV bombardment with ridges~a!
and elongated pyramids~b! compared to the experimental result
Sketch of the pyramid structure~c! shows the intersections of th
sides with the~x,y! plane ~solid lines!, and the pyramid’s ridge
~points!, which follows the projection of the ion beam on the su
face ~arrow!.
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TABLE II. Selected approximations to model sputtering at various angles of incidence for 400
800-eV bombardment of Cu by Ar1.

Ion energy~eV!

400 800
Incidence
angles Approximations

Incidence
angles Approximations

0° CS,h50 – 0.2 0° CS,h50 – 0.2
30°–35° CI,h50.4– 0.5 30°–35° CS, CI,h50.2– 0.4
40°–45° CS,h50.2– 0.3; CI,h50.3– 0.4 40°–55° CS, CI,h50 – 0.2
50°–70° CS, CI;h50 – 0.1 60°–70° P,h50.3– 0.4
r
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and
experimental angular dependencies with our numerical
sults for the ridges aligned parallel to the beam plane.
important conclusion is that the ridge geometry does not
plain the observed decrease of the yield atu i>60°, at least
with reasonableh values. We thus have considered oth
approximations for the morphology appearing in Fig. 3~h!.
Reasonable results have been obtained assuming elong
pyramid structures with sides making a small~5°–15°! angle
c with respect to the projection of the ionic beam on t
surface, as sketched in Fig. 7~c! and listed in Table I. Be-
cause of the dominant contribution of sputtering from t
pyramid’s sides, the emission from its front side has not b
considered. Due to larger local angles of incidenceu loc

i , the
pyramidal structure provides a smaller sputtering yield
comparison to regular ripples. The examples forc510° pre-
sented in Fig. 7~b! show that the angular dependencies of
sputtering yield computed withh50.3– 0.4 agree well with
the experimental results foru i.60°.

It can be summarized that a number of various appro
mations are required to describe the ion-induced surf
roughness of Cu, according to the surface morphology
develops at given bombardment conditions. Table II lists
approximations that provide acceptable sputtering yields
various angular regimes at 400-eV and 800-eV bomba
ment. The postulated values forh are consistent with the
experimentally observed trends in surface roughness.

V. CONCLUSIONS

We have introduced an original approach to compute
sputtering yield from rough surfaces. The sputtering yield
provided by integration over local angle-resolved contrib
tions, which allows accounting for sputtering anisotropy a
shadowing of sputtered material. Also, the angular depend
cies of the total and differential local yield are obtained fro
this more inclusive model,22 which is adapted specifically fo
sub-keV ion bombardment. As a result, even a slight surf
roughness has been found to decrease the total yield a
lique incidence, in contrast to the results published
higher-energy regimes.13,15

Our experimental results demonstrate that the angular
pendencies of the total sputtering yield for thermally dep
ited copper samples after 400- and 800-eV bombardmen
significantly affected by surface morphology. Comparison
our numerical and experimental results has revealed foll
ing trends:
12540
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e
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e
r
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e
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e
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r
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re
f
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~i! Only minor changes of the total sputtering yield relati
to the normal-incidence case are found for the angles of
cidence under 35°–40°. This insensitivity can be explain
by well-developed random roughness in this angular regi
The total sputtering yield can be computed assuming stra
or inclined cones with the roughness parameterh
50.2– 0.5.
~ii ! At the angles of incidence of 45°–55°, the state of t
surface is found to be highly unstable. Although a number
various morphologies are observed in this angular regi
corresponding sputtering yields can be obtained under a
fied approximation, assuming minor straight or inclin
cones with the parameterh<0.2.
~iii ! Under 800-eV bombardment, ripples aligned parallel
the beam plane are found at 60° incidence, which is acc
panied by a sharp decrease of the sputtering yield. To
scribe this behavior of the yield, a special pyramidal stru
ture is suggested with sides making a 5°–15° angle w
respect to the projection of the ionic beam on the surfac

Our results demonstrate that surface morphology va
with the angle of ion incidence and ion energy, so that p
ticular energy and angular regimes require individual a
proximations to account for the surface roughness. In
framework of our model, appropriate surface structures h
been found to describe the observed sputtering yields qu
titatively with an acceptable accuracy.

Potentially, the introduced approach can provide a qu
titative self-consistent theory of sputter roughening, to p
dict surface morphologies along with sputtering yields. Ho
ever, to be included into self-consistent models
roughening, our approach must be upgraded by an acco
ing of the surface curvature. Since the existing curvatu
accounting technique19,11 has not been justified for the sub
keV regime, this point is a nontrivial one and warran
further investigation.
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