PHYSICAL REVIEW B 66, 125407 (2002

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 Ar 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.
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I. INTRODUCTION face curvature, the kinetic theory of surface roughening is
still rather qualitative.

It is commonly known that ion bombardment modifies the ~ We believe that the way towards a better understanding of
surface morphology by producing submicron-sized roughion-induced roughening lies through a more accurate ac-
ness or, contrarily, causing surface polishing. lon-induceaounting of sputtering yields from uneven surfaces. Further-
formation of conic structures, pyramids, and ripples has beemore, a comprehensive theoretical description and/or simu-
the focus of experimental and theoretic research fotation of total and differential sputtering yields from realistic
decaded™® Recent studies emphasize the nanostructuringough surfaces responds to the existent need in modeling of
outcome of the phenomendi'®As can be seen from avail- sputter particle sources for various deposition processes.
able experiments, the surface morphology that develops dudowever, understanding of sputtering from rough surfaces is
to the ion bombardment is strongly sensitive to the ion spefar from complete. Major analytic results have been obtained
cies, as well as energy and angle of incidehce® In par-  without accounting for sputtering anisotropy and overlook-
ticular, the angular dependence of ion-induced roughness iag shadowing of particles emitted at grazing angfe’s:1
being actively addressed in the literatdre’ The surface Some binary-collision simulations of sputtering from rough
morphology is found to be strongly related to the direction ofsurface$’?* do address a few particular target morphologies
the ion beam, and can present as conelike strucfuoesss ~ with fractal topograph¥’ and random roughne$$,but do
ripples aligned normé&f or paralle’ to the beam plane. not consider other frequently encountered structures, such as

lon-induced surface roughening has been qualitatively uneones or ripples. As far as experiments are concerned, studies
derstood in the framework of the kinetic theory suggested byvith both measurements of the sputtering yield together with
Bradley and Harpét and developed by Cartér'®and Bara- a complementary survey of the surface morphology are ex-
basi and co-workerd*~1" The approach is based on the Sig- tremely rare. Particularly, surface roughness that develops at
mund theory of isotropic collision cascad&s? after which ~ the sub-keV bombardment regime, which is relevant for
the sputtering rate scales with the product of the local iormany nanofabrication techniques, appears to be overlooked
flux and the local deposited energy. This allows accountindy experiments.
for the surface curvature through an increase of the local In this paper we present a comprehensive theoretical and
sputter rate at troughs and a decrease at cteStdhe re-  experimental investigation of sputtering from copper sur-
sulting positive feedback enhances a surface’s unevennegaces roughened by sub-keV ion bombardment. In Sec. I, an
and leads to a self-maintained roughening. However, the treeriginal approach is introduced to compute sputtering yields
ditional theory of isotropic sputtering disregards the cascadérom rough surfaces, which accounts for sputtering anisot-
anisotropy, and therefore is confined to keV and higher bomropy and shadowing. The approach is flexible with respect to
bardment regimes, when the isotropic approximation is jussurface morphology and can be applied with any submicron
tified. Also the theory is known to overestimate the sputterstructures. To specify the morphology that develops on a Cu
ing rates at grazing local angles of inciderfe. surface under low-energy ion bombardment, the surface of
Consequently, in spite of the elegant accounting for the surAr™ bombarded Cu samples has been investigated by scan-

0163-1829/2002/68.2)/1254078)/$20.00 66 125407-1 ©2002 The American Physical Society



M. STEPANOVA, S. K. DEW, AND I. P. SOSHNIKOV PHYSICAL REVIEW B56, 125407 (2002

ning electron microscopySEM) at various angles of inci-
dence. The total sputtering yields also have been measured.
We outline the experimental techniques employed in Sec. Ill.
The effect of ion-induced surface morphology on the total
sputtering yield is investigated in Sec. IV by comparison of
our experimental results with theoretical modeling. Conclu-
sions are summarized in Sec. V.

Il. THEORY

We consider sputtering of an uneven surface parallel to
the {x,y} plane of the laboratory frame, with the axisdi-
rected inward with the surface’s overall normal. The incom-
ing ionic beam lies in th¢x,z plane. The beam’s direction is
defined by the unit vectan;={#6',0}, ¢' being the angle of
incidence with respect to the laboratory-frame axiBe-
cause the surface is rough, its local areas have various orien-
tations defined by the local inward normel={6s,¢g},
where 6 and ¢ are laboratory-frame polar and azimuthal
angles, respectively. We describe the surface with the distri-
bution of local orientationso(ng), which is normalized, as

FIG. 1. Sketch of the surface structures considetadrepre-

f w(ng)dng=5/S,, (1)  sents a cross section for straight cones and triangular ridgegband
the one for inclined cones. The arrows indicate the directions of

whereSis the area of the rough surface aBglis the corre-  emitted particles, and the long-dashed lines show the cross section

sponding flat area in the plafe,)}. For each surface orien- of the imaginary shadowing wall. The particles labeled “1” are

tation, ng, the ionic beam makes the local angle of incidenceSPuttered, whereas those labeled “2” are shadowed pafty

6l With respect ta,. Sputtering of particles from the local S0nes or totally (for ridges.

surface elemerdng is described as for the flat surface for the

angle of incidencd,,.. This gives the local differential sput-

tering yield Y (0., Nioe), With Nie=1{6j0c, P10c} the direction

of emission with respect to the reference frame related to th

local directionng. Respective laboratory-frame distribution

of sputtered particlesy(ng,n), is given by

ries, our approach accounts for the deflection of incoming
ions and emitted particles when they pass the surface at ob-
lique angle$? which provides more realistic angular depen-
fencies for the total and differential sputtering yields. The
theory? is adapted specifically for sub-keV sputtering re-
gimes.

At the second stage of the computation, the laboratory-
frame differential yieldsY(n,ns) are obtained from Eq(2)
and inserted in Eq.3). The distributionw(ng) and the prob-
N=TsMioc, 2) ability P(n,ng) are defined individually for each surface

the symbolT, denoting the coordinate transformation from morphology. We have considered three kinds of structures:
the local to the laboratory reference frame. straight cone$Fig. 1(a)], inclined conegFig. 1(b)], and tri-
Some particles that have been sputtered are redepUsited@ngular ridgegagain, Fig. 18)]. We describe the surface
and do not contribute to the total sputtering yield. We ac-Structure with the parametey=nh/d, h being the height of
count for this shadowing effect through the coefficientthe structures and being the distance that separates neigh-
P(n,ns), which represents the probabmty for a partic'e emit- bOI’Ing structures. For inclined cones, which have an elllptIC
ted from the local surface elemen in the directionn to ~ base,d is the ellipse’s smaller axis. Inclined cones are also
avoid being redeposited. The total sputtering yield from adescribed with the angler between the cone’s axis and the

rough surface is thus given by the integration surface normal, as shown in Figtbl. Our approach allows
any orientation of the inclined cones and ridges with respect

Y(n,ngd)dn=Y(6l,c,Nioc)dNpe,  COSHl.= ;- Ng,

4 . to the ionic beam, so we do not specify their orientation at
Y:(COSH')_lf w(ns)f €OSBjocY (N, Ns) this point.
_ Finally, shadowing must be taken into account. We select
X P(n,ng)dndng, cos6),.>0. (3)  a representative structuc@ cone or a ridgeand consider

emission from a poinfxs,ys,zs} on its surface. For the
The computation is done in two steps. First, we computsstructures considereds is the height with respect to the
the differential sputtering yield for a flat surfa¥é6,. ,nic), cone’s or ridge’s base anik,ys} define the local surface
as a function of the angle of incidenég,.. For this purpose orientationng with respect to the laboratory frame. Thus, for
we solve numerically a set of master equations, as discussedselected structure, any source location can be described
in detail in Ref. 22. In contrast to traditional analytic theo- with the coordinate$ng,z;}. Next, we describe local direc-
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tions of emission by vectons,.={ 6, ¢1oc}. The local po-  of emissiond.?* Also our angle-resolved local sputtering rate
lar emission angleg,,. range between 0 and /2, and local ~ accounts for the sputtering anisotropy, which makes the ap-
azimuth emission angleg,,. range between 0 andm2with proach applicable for sub-keV bombardment and provides a
respect to a local reference frame relatednto For each more realistic function of the local angle of incideng, .??
local emission directionn,,., we obtain the respective However, we do not consider the surface curvature since this
laboratory-frame emission direction="Tgn,,., and deter- paper concentrates on the sputtering yields rather than on a
mine the probability to avoid the redepositiBras a function  self-consistent modeling of surface roughening. Potentially,
of the source locatiofins, z}. the influence of the curvature can be introduced in €.

It is convenient to subdivide the shadowing mechanismshrough an additional integration over the rough surface with

into_Mo categorigs. First, some_emission directions _have an appropriate weighting function, but it would give only a
positive z projection n-z>0, which means that particles minor correction to the total yield.

move towards the surface and therefore cannot be sputtered. o, approach is applicable with any surface morphology

Thus, our first shadowing condition is unless the surface structures are too tiny to apply the flat-
P(n)=0, n.z>0. (4) _surface approximation forllocal angular distributions. For the

ion energy regimes considered, the theory presented is ex-

For the structures considered, the conditighdoes not de- pected to describe sputtering of submicron-sized structures

pend on the source locatidms,z.} aftern is defined. with an acceptable accuracy. Note also that our approach can

The particles that have-z<0 move away from the sur- e easy generalized to provide angular and angle-resolved

face and potentially can be sputtered. However, obliquelynergy distributions of sputtered particles, although we do
emitted particles can be redeposited on neighboring struGs . ~onsider the differential yields in this paper.
tures, as sketched in Fig. 1. We account for this shadowing

mechanism by considering the passage of sputtered particles
through an imaginary wall around the surface structure. The
cross section of the wall is shown in Fig. 1 by long-dashed
lines. For straight cones, the wall is a cone-centered cylinder copper samples for our sputtering studies have been pre-
yvith the ra(_JIiu_sd. Fpr inclin_ed cones, the wall is a similarly pared by physical vapor deposition using a VUP-5 SELMI
inclined elliptic cylinder with the size of the base equal to Ref. 23 thermal evaporation unifbase pressure less than
double the size of the cone’s base. For the ridges, the waﬁ_z>< 1075 Torr). Industrial 99.98% pure copper sources
cpdn5|stths Orf] t\_/v%tvefrt!c?l plar1t§s pa@llﬂl to thelfrldge. xvz.con'vvere employed. For substrates, monocrystall@l) boron-
sider the neignt ot intersection wi € W.‘ﬂ or eac“ Y - doped, 7.5€) cm silicon wafers were used. The deposition
rection of emission. Wheg>h, as for the directions “1” in . . . .

. . . ; provided 500—1000-nm-thick Cu films. Tests by x-ray dif-
F'.g' L th_e probability of passag%js eqqal {0 unity. Other.— .. fraction do not reveal much texture in the films prepared this
wise, as in the cases labeled “2” in the figure, the probability AR

way. The state of the surface of the samples used in this work

P is assumed equal #®'h for cones and zero for ridges. The has b h ed b . | .
height¢ is the function of the laboratory-frame emission di- &S Dbeen characterized by scanning electron microscopy

rectionn and on the source locatioms,zs}, and so is the (SEM) with the CamScan 4-88 facility. As-deposited sur-
respective probability of the passage. Therefore, our secori@ces have been investigated by SEM. The surfaces had ran-

IIl. EXPERIMENT

shadowing condition reads dom ~1-4-nm-sized roughness.
The deposited Cu samples have been subsequently bom-
Z(n,ng,z5)/h  cones, barded by 400- and 800-eV Ar beams at room temperature.
P(n,ns,z5)= 0 ridges 0=<{(n,ng,zg)<h. Before bombardment, the samples were partly masked in or-

(5) der to obtain well-defined steps from the sputter erosion. A
specially designed duoplasmatron ion guprovided a 50-
To obtainzg-independent probability of passage, we takemm-wide, well-collimated, 95% neutralized Ar beam with
the average, the flux density of 0.X 10" and 1.3<10® cm 2s ! for
400- and 800-eV energies, respectively. The determination of
h the ion flux has been performed by sputtering reference
P(n,ns)= fo w(ns,zs)P(n,ns,z5)dz. ®)  Gaas samples for which the sputtering yields have been pre-
viously tabulated® The sample holder allowed positioning
In Eq. (6), the weighting functiomw(ng,z,) is normalized so  the samples at angles of 0°~75° between the surface normal
that [ fw(ns,z)dzs=1. This function describes the relative and the bombarding beam. The 400-eV bombardment was
contributions from local sources with the same orientatiorfor 15-min duration, and that of the 800-eV bombardment
ns, but different heightzs. For example, ridges have just was for 10 min. This made 100—300-nm-deep sputter craters,
w=1/h, whereas for straight cones(zs)=2(h—z,)/h?. depending on the angle of ion incidence. The sputtering
For inclined conesw is a function of botmg and z;. yields were determined by measurement of the height of the
To our knowledge, similar approaches reported by othestep after removal of the mask. A DEKTAK-3030 profilome-
authors disregard the effect of shadowiig>*®or account ter was used for these measurements. The surface morphol-
for it in a simplistic way through a universal probability ogy of the Cu samples after the bombardment was investi-
P(6) that depends only on the laboratory-frame polar anglegated by SEM.
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FIG. 2. Dependence of the total sputtering yield on the angle of
ion incidence with respect to the laboratory-frame surface normal
for 400- (a) and 800-eV(b) bombardment energies, as measured
and computed for a flat surface.

IV. DISCUSSION

= 300 NM

A. Experimental results

Figure 2 presents the measured total sputtering yields for |G, 3. SEM microphotographs of Cu surfaces bombarded by
Cu bombarded by 400- and 800-eV ions at varying angles 0400- and 800-eV ions at 0°, 45°, 55°, and 60° incidence. The arrows
incidence with respect to the surface normal, compared tehdicate the direction of the ion beam. The angle between the sur-
our numerical results for a flat surfateFor 400-eV bom-  face normal and the image’s plane was 232(e) and 12°(f)—(h).
bardment, the agreement is reasonable for normal incidence
and ?t grazing angleg'>50°. However, at the angle8' 1 ont a0 generates a random morphology. However, 45°
=30°-45° the measured yield is very close to that at normaj,cijence does not produce a significant roughness, at least
incidence, whgreas the computation predicts a steady N the submicron scale. Af =55°, the roughness reappears
crease of the yield unti#'~75°. For 800-eV bombardment, ith conelike structures inclined toward the direction of the
the computation overestimates the yield significantly at thgyqo5m Finally, a rippled structure aligned parallel to the pro-
anglest' surp_assiqg 50°, and the maximum of the computeqection of the beam on the surface arise®'at 60°. Thus, at
dependence is shifted by 20° towards larger angles with 15t four different kinds of morphology can be identified on
spect to the experiment. the Cu surface:

It has been already demonstrated that surface roughness )
decreases the sputtering yield at oblique ion incidéham, (1) random roughness, Figs(&, 3(b) and 3e);
that it is natural to expect the difference to result from sur-(il) even surface, Fig.(8); , _
face morphology. We therefore have investigated the state dfil) structure inclined preferentially towards the beam, Fig.

the surface of bombarded copper samples by SEM. The m?’ 9 f’i”d . )
crophotographs obtained for 0°, 45°, 55°, and 60° incidencé",’) ripplelike structure aligned parallel to the beam plane,

are presented in Figs(@—(h). As can be seen, 400-eV bom- Fi9- 3(h).

bardment at normal and 45° incidence produces submicronAle restrain ourselves from definitive conclusions in respect
scaled random roughness. At 55° incidence, the surface® Figs. 3c) and 3d), but suppose the morphology in Fig.
structures become smoother, but the roughness recovers 3it) to be a transitory one between tfi) and(iv) regimes,
0'=60°. For 800-eV ion energy, normally incident bombard-and that in Fig. &) to fall into the (iii) category.
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Comparison of 400-eV and 800-eV bombarded surfaces
reveals important similarities. For both 400 and 800-eV
beam energies, the surface morphology is highly unstable in
the angular regime of 45°-60°; furthermore, in both cases
the morphological transformations include surface smooth-
ening[Figs. 3c) and 3f)] followed by a recovering of sur-
face roughness with likely related morpholog[ésgs. 3d) 1
and 3g)]. The difference between 400 and 800 eV is, first, 4 a
that the morphological transformations are better pronounced !
at higher ion energy: smoothening comes down to a fairly !
flat surface in Fig. &) versus a partial blunting in Fig.(8),

and inclined structures are better pronounced in Fig) 3 arrow indicates the direction of the beam, and the anglesd 8

than in Figs. &) or 3(d). Also pronounced ripples have not | . - o
. . define the direct f th ax d the top half-angle.
been detected with 400-eV bombardment in the angular rec e (Ne direction ot the cone's axis and the fop hai-angle

gimes considered. i . - i
The observed morphological instability between approxi-t.hat()‘< 0i' We assume, _rather art_)ltrarlly, the emplrlca_l “’t"a
ion o= #'/2, expecting it to provide acceptable qualitative

mately 457 and 60° angles of incidence corresponds well t rends. Finally, we try triangular ridges directed parallel to

the kinetic theory,"***which predicts phase instability of the projection of the ion beam on the surface to approximate
ion-bombarded surfaces roughly in the same angular re; Proj PP

gimes. Also the theofy'*?!* predicts formation of ripples theblm?rlpholé)gy bshown In F'g'()'l Tf;]e tfhrﬁee first Imeds n
parallel to the beam plane at grazing incidence, as detected{ o :truéfttjrtese 23?;35;“8??;6&8r;;stec(;)luom\'\:nig m‘z tae&ce)te
Fig. ). However, the morphological phase diagrams given The structu,res considered have limitations with res ect.to
in Refs. 12 and 14 forecast a shift of the phase transforma- p

tions towards larger angles of incidence with the increase o fiﬁg?éist?;;%] cl)r;:f:ll(jfsnSv?th;t?;?Z;]?galrzlglidnecrI]i(r:I(Z’ dszggg;v'g%
ion energy. Our experiment does not seem to confirm thi 9 '

- . : .. llustrated in Fig. 4. Because the shadowed areas are not
rediction monstrating rather an ite trend. This mis-
prediction, demonstrating rather an opposite trend S Mis, puttered, such structures cannot be stable and therefore are

match can be rationalized by supposing that sputtering b X . .
low-energy ions cannot be described in the same terms ot con5|dered. The n_pples par_allel fo the beam plane, Wh".:h
e approximated with the ridges, also have geometric

average spatial distributions of deposited energy, as adopted = ~"" =31 ,7 )
in Refs. 12 and 14 for keV regimes. Imitations, although these are not so straightforward.

Indeed, the low-energy bombardment does require a mor%aesoedﬂc_)&,gurea::n pgglrlstﬂtar' dexeperggﬁqrgtsr a:c;;?>05r(1)othe
detailed description of the energy deposition and sputterin% Y, w S| idge g y '
In the next section, we concentrate on total sputtering yield

he adopted conditions are summarized in the third column
f Table I.
from the Cu surfaces roughened by low-energy bombard®' '€ . . .
ment, taking as a basis our recent model of anisotropic sub[-h Figure 5 presents dependencies of the sputtering yield on

o 22 e roughness parameter calculated for 0°, 30°, and 60°
kev sputterlngz. incidence with various surface structures. The results for
400- and 800-eV bombardment show similar trends, so that

FIG. 4. Shadowing of the ionic beam at grazing incidence. The

B. Modeling
We have investigated sputtering of the rough surfaces nu- 14 7
merically. We approximate the random structures shown in
Figs. 3a), 3(b), and 3e) with straight cones, as sketched in 12 5
Fig. 1(a). The morphology seen in Figs(d and, presum-
ably, 3d) is approximated with inclined cond§ig. 1(b)]. 107
From the symmetry considerations, one could expect the _
cone’s axis to be parallel to the ion beams= ¢'. However, g’ 087 cS. 0°
Fig. 3(g) suggests a deviation from the beam direction, so & CS.30
> 061 ’ Cl, 30°
TABLE I. The structures considered in this work. The meanings 04 ]
of the anglesy, B8, andy appear from Figs. 4 and @), respectively. Cl, 60°
0.2 R, 60°
Structure Direction Angular regimesLabel
considered
0.0 T T T T T 1
Straight cones ~ a=0 o<p cs 0.0 0.2 0.4 01.16 0.8 1.0 1.2
Inclined cones  a=6'/2 b<a+p Cl
Ridges aligned parallel 6'>50° R FIG. 5. Dependence of the normalized yield on the roughness
to the beam plane parameteryn, computed with various structures for 0°, 30°, and
Pyramids y=5°-15° 6'>50° P 60° incidence. The labels employed for the structures are listed in
Table 1.
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S 400eV Ar*— Cu (a) the regimes of morphological instability. At=50°-70° for
4] anorcs 400-eV bombardme_nt and'=40°-55° for 800-e_\/ bom-
-+ n=0.1,Cl bardment, the experimental results are well described assum-
T 3 :nfg:. 8|S ing a flat surfacgFig. 2) or cones with»=<0.2, in accord
= e with the smoothening of the surface detected in Figs) 3
S 29 = and 3f). However, Figs. &) and 3h), which also corre-
? spond to the angular regimes in question, show a developed
V7 o experiment roughness. Respective experimental paramejggscan be
0 . estimated as _approximately 0.2-0.3, which iS. larger com-
0 10 20 30 40 50 60 70 80 90 pared to the fit theoretic valueg<0.2. We explain the dif-
Angle of incidence (degr.) ference by the fact that the observed inclined structures have
softer tops in comparison to cones, which leads to softer
slopes. Thus, cones with smallervalues would provide a
57 800eVAr— Cu (b) better approximation.
4 Under 800-eV bombardment, the surface morphology
changes to a rippled structure at 60° incidefEry. 3(h)],
'§ 3 and the sputtering yield falls off abruptly at the same angle.
L . . ;
5,1 uroscs ‘ In Fig. 7(@ we compare the grazing-angle portion of the
> -+ 1=0.2,Cl 6 - '
;] 04,08 . o experiment (a)
- n=0.4, Cl o experiment 5 ]
0 T T T T T T T T 1
0 10 20 30 40 50 60 70 80 90 = 49 % b
Angle of incidence (degr.) .5 0
= 4
FIG. 6. Angular dependencies of the total yield computed for & 2 ‘:/t:\\\
400-(a) and 800-eMb) bombardment with CS and ClI structures for > 24 ¢
selectedy roughness values, compared to the experimental results. ;] : 2:8;
the presented dependencies for 800 eV are representative of 0 * =05 ‘ .

both cases. As can be seen, at normal incidence the yield 30 40 50 60 70 80 90
increases slightly with increasing roughness upnts 0.4 Angle of incidence (degr.)
where it reaches the maximum, although at oblique incidence

the yield stays nearly constant untik0.1-0.2, and thereaf-

ter decreases for all geometries considered. This behavior 6 o experiment (b)
differs significantly from that reported by Makeev and 5 ]

Barabai'®®and Cartef? who found a considerable increase b

of the yield with a comparable parameter for normally 44 4 ¢

aligned sinusoidal ripplé3**and random roughne$sat ob-
lique incidence up tap=0.3—-0.4. We attribute lower sput-
tering yields obtained in this work to our accounting for the

$

sputtering anisotropy together with the inclusion of shadow-
ing. In our model, shadowing cuts out a considerable part of
atoms emitted in forward local directions, where the emis-
sion is enhanced due to the cascade anisotfopy.

Figure 6 demonstrates the angular dependencies of the
total yield computed with two kinds of cones for selected
values, in comparison with the experimental results. Unfor-
tunately, the surface roughnegs) varies with angle which
complicates interpreting the results. It can be seen that ac-
counting for the roughness softens the angular dependency
of the total yield. At values greater than approximately
0.35, the calculated sputtering yield becomes almost insensi-
tive to the angle of ion incidence. We believe that this ex-
plains why the sputtering yields measuredfat 30° —45°

-e- n=0.1
-+ 1=0.3
- n=0.5

Y (at/ion)
[~) - N w
1 I ).

T he

T T T T
40 50 60 70 80 90
Angle of incidence (degr.)

FIG. 7. Grazing-angle portion of the angular dependence of the
sputtering yield computed for 800-eV bombardment with rid@gs

for 400-eV bombardment are close to the normally incidentyng elongated pyramidé) compared to the experimental results.

case. As seen in the figures, the results wjth 0.4 agree

Sketch of the pyramid structurg) shows the intersections of the

closely with the experiment in those angular regimes for bottsides with the(x,y) plane (solid lineg, and the pyramid's ridge

ion energies. At the same time, significantly smaligpa-

rameters are required whe surpasses 40°—45°, reaching face (arrow).
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TABLE Il. Selected approximations to model sputtering at various angles of incidence for 400- and
800-eV bombardment of Cu by Ar

lon energy(eV)

400 800
Incidence Incidence
angles Approximations angles Approximations
0° CS,»=0-0.2 0° CS»=0-0.2
30°-35° Cl,»=0.4-0.5 30°-35° Cs, Cly=0.2-0.4
40°-45° CS»=0.2-0.3; Cl,»=0.3-0.4 40°-55° CSs, Clp=0-0.2
50°-70° CS, Clip=0-0.1 60°-70° P»=0.3-0.4

experimental angular dependencies with our numerical red) Only minor changes of the total sputtering yield relative
sults for the ridges aligned parallel to the beam plane. Arto the normal-incidence case are found for the angles of in-
important conclusion is that the ridge geometry does not exeidence under 35°-40°. This insensitivity can be explained
plain the observed decrease of the yiel®at60°, at least by well-developed random roughness in this angular regime.
with reasonablen values. We thus have considered otherThe total sputtering yield can be computed assuming straight
approximations for the morphology appearing in Figh)3  or inclined cones with the roughness parametgr
Reasonable results have been obtained assuming elongated0.2—0.5.
pyramid structures with sides making a sm&f—159 angle  (ii) At the angles of incidence of 45°-55°, the state of the
¢ with respect to the projection of the ionic beam on thesurface is found to be highly unstable. Although a number of
surface, as sketched in Fig(cy and listed in Table |. Be- various morphologies are observed in this angular regime,
cause of the dominant contribution of sputtering from thecorresponding sputtering yields can be obtained under a uni-
pyramid’s sides, the emission from its front side has not beefied approximation, assuming minor straight or inclined
considered. Due to larger local angles of incidefifg, the  cones with the parameter<0.2.
pyramidal structure provides a smaller sputtering yield in(iii) Under 800-eV bombardment, ripples aligned parallel to
comparison to regular ripples. The examplesifer 10° pre-  the beam plane are found at 60° incidence, which is accom-
sented in Fig. ®) show that the angular dependencies of thepanied by a sharp decrease of the sputtering yield. To de-
sputtering yield computed witly=0.3—0.4 agree well with scribe this behavior of the yield, a special pyramidal struc-
the experimental results fa&'>60°. ture is suggested with sides making a 5°-15° angle with
It can be summarized that a number of various approxifespect to the projection of the ionic beam on the surface.
mations are required to describe the ion-induced surface
roughness of_Cu, according to the su_r_face morpholo_gy that Our results demonstrate that surface morphology varies
develops at given bomba_rdment conditions. Tak_JIe I .“Sts theyith the angle of ion incidence and ion energy, so that par-
approximations that .prowde acceptable sputtering yields fof, |5 energy and angular regimes require individual ap-
various angular regimes at 400-eV and 800-eV bombardy . imations to account for the surface roughness. In the

ment. The postulated values foy are consistent with the . mework of our model, appropriate surface structures have
experimentally observed trends in surface roughness. been found to describe the observed sputtering yields quan-
titatively with an acceptable accuracy.
V. CONCLUSIONS Potentially, the introduced approach can provide a quan-
éitative self-consistent theory of sputter roughening, to pre-

We have introduced an original approach to compute th i ‘ holodi i h : ields. H
sputtering yield from rough surfaces. The sputtering yield is ict surface morphologies along with sputtering yields. How-

provided by integration over local angle-resolved contribu-Ve" tq be included into self-consistent models of
tions, which allows accounting for sputtering anisotropy androughenlng, our approach must_be upgrade_d _by an account-
shadowing of sputtered material. Also, the angular depender?9 of the surfac_e culr}/ature. Since the existing curvature-
cies of the total and differential local yield are obtained fromaccounting tech.nlq&%_ hgs not bee.n. justified for the sub-
this more inclusive modéf which is adapted specifically for keV regime, .th's. point is a nontrivial one and warrants
sub-keV ion bombardment. As a result, even a slight surfacgﬂmer Investigation.
roughness has been found to decrease the total yield at ob-
lique incidence, in contrast to the results published for
higher-energy regimes:®

Our experimental results demonstrate that the angular de- The authors thank V. Barchenko for his helpful discus-
pendencies of the total sputtering yield for thermally depossions and assistance with preparation of the copper samples,
ited copper samples after 400- and 800-eV bombardment aind V. Busova and S. Belova for their help with SEM char-
significantly affected by surface morphology. Comparison ofacterization and profilometric measurements. M.S. and
our numerical and experimental results has revealed followS.K.D. acknowledge the support by the Natural Sciences and
ing trends: Engineering Research Council of CangdtiesERQ.
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