The influence of beam divergence on ion-beam induced surface patterns
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Abstract

We present a continuum theory and a Monte Carlo model of self-organized surface pattern formation by ion beam
sputtering including #ects of beam profiles. Recently, it has turned out that such secondary ion beam parameters
may have a strong influence on the types of emerging patterns. We first discuss several cases, for which beam profiles
lead to random parameters in the theory of pattern formation. Subsequently we study the evolution of the averaged
height profile in continuum theory and find that the typical Bradley-Harper scenario of dependence of ripple patterns
on the angle of incidence can be changed qualitatively. Beam profiles are implemented in Monte Carlo simulations,
where we find genericfiects on pattern formation. Finally, we demonstrate that realistic beam profiles, taken from
experiments, may lead to qualitative changes of surface patterns.
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1. Introduction 2. Continuum Theory

The control of pattern formation on solid surfaces
during ion beam sputtering (IBS) has reached a con-
siderable level of sophistication (see Ref.[1]). Under
well defined processing conditions, it turns out that even
changes in secondary ion-beam parameters like, for ex-

ample, the beam profile may lead tdfd'r_ent patterns  yance. Here, we want to study cases, whergepends
[2, 3] ' The current theorgtlcal descriptions qf pattern upon (random) ion beam parameters, and we will study
formation by IBS do not include secondary lon beam beam profiles, described by a distribution of the angles
parameters and are therefore not able to explain any ef- ¢ iqence of the beam,with repect to the z-axis and

fects due to these parameters. Here, we make a first; it respect the x-axis of the cartesian lab frame. The
step towards a consistent continuum theory and a Monte heighth(x, y, t), which describes the surfagin Monge
Carlo model of the #ects of ion beam profiles on pat- represent’at’ior,1 obeys the equation

tern formation. We present some results of these de-

scriptions, which confirm the non-trivial and important 5h
influence of beam profiles on the evolution of IBS in- <E
duced patterns. In particular we show that both the pro-

posed continuum theory and the Monte Carlo simula- whereg = 1 + (Vh)2, and(: - - ) denotes an average over
tions imply substantial changes of the dependence of the beam parameters, which has to be specified further.
patterns on mean incidence angle, if non-trivial beam syppose that the beam is composed of ions incident

Continuum theories of IBS, which are based upon the
assumption of proportionality;,, o« E(r), of the erosion
velocity v, and the poweE(r) deposited by the incident
ions at a point of the surfaceS have assumed that the
ion beam is focused into a single direction of inciden-

> — (VG w6, ;1) 1)

profiles are included. at varying directionsn. Then we distinguish between
three prototypical cases, defined as follows.
*Corresponding author (i) homogeneous subbeam#on beams consisting
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is the sum of contributions from all subbeams and thus (i), (ii) and (iii). For the latter two cases we assume that

(V) = fvn(m) p(m)d?m, wherep(m) is the weight of
subbeamm within the ensemble.
(ii) temporally fluctuating homogeneous beafhe

correlation times of are small, so that the white noise
limit can be applied with respect to temporal fluctua-
tions, i.e. (56(r,t)66(r’,t")) = 2C(Ir — r’)é(t — t’) (for

substrate is illuminated homogeneously, but the direc- case (ii),C is just a positive constant).

tion constitutes a stationary, temporally homogeneous

stochastic process(t).
(iii) spatio-temporally fluctuating beanThe direc-

For case (i) averaging ex@pL,(k)t) over Gaussian
fluctuations leads to a drastic change of the growth law,
(h(k, 1)) o« exps6?)L1(k)?t?/2), which quickly leaves

tions of incident ions form a homogeneous and station- the range of validity of the linear approximations in-

ary stochastic fieldn(x, y, t).

volved. If, however, the Gaussian is replaced by the

In all three cases, the average direction remains fixed, flat distribution (A), the growth law takes on the form

(m)

= my. For these cases we have performed the small < t™* exp(t) after a transient time. Even if the fluctua-

slope and gradient expansion, which for an ideal beam tions are not considered small, the average can be per-

starts with [4, 5],

2

VG = ~vo(6) +W(O) T + a6 + )

6y2
(2)
To simplify the expressions, we will leave out noise
in ¢ in the current work and concentrate @rprofiles

for illustrative purposes. The full problem of ion beam

noise will be discussed elsewhere. For cases (i) and (ii) theorem 6, 7).

formed by simple numerical integration and affiee-
tive rate can be extracted (not shown). For small fluc-
tuations, this rate increases slightly above its value at
A6 = 0, but forAg > 125° it decreases and falls well
below theAd = 0 value beyond\¢ ~ 20°.

For cases(ii) and (iii) we can transform the aver-
aged evolution equatiof hy = Lo¢hy + (6L hy into
a closed equation foth) making use of Novikov's
For case (ii) it takes on the form

Equ. (2) can be averaged term by term, but for case 6t(h> - (Lo + CLZ)(h> and for case (|||) we obtain

(i) the expansions will produce additional terms con-
taining spatial derivatives @f. Here, we only consider
smoothly varying direction fields, so thitd| < |Vh.
Then we find that such terms can be neglected.

We have studied the time evolution bf = (h) —
<fvodt> taking into account the linear terms depicted in
Equ. (2). The linear evolution equation is written in the
form 6;h = L(6) h with an operatol_ h := Lgn(6) h -
KV4h. Lgy includes the linear terms of, in Equ.(2),
and KV*h is the simplest description of surfacefdi
sion. We have considered twofidirent beam profiles:
(A) flat distributions ofg betweerdy — A9 andfy + A
and (B) Gaussian distributions centredatFor homo-

dr(hy = [Lo + La(r')(C(r = ') L(r))lr=r] (). The terms
arising from the Gaussian noise can be interpreted as
renormalizations of the c@iécients inLo, i.e. the aver-
aged evolution equation becomes

(@thy = ([Lo + o6L1] by = CowR, . af)hy  (3)
with the following renormalized cdicients: WR = w
in both cases (i) and (ii)a} = ax+ Cw? aff = a
for case (i) andal = ay + a(ax + a)(3C)r-0, &, =
ay + & (ax + ay)(af,C),:o for case (iii). Explicit expres-
sions forw(6), axy(6) can be taken from Ref. [5]. Note
that for case (ii), there also appear third and (destabi-

geneous subbeam ensembles (case (i), we can directlyizing) fourth order derivative terms, which will be dis-

average the solution for every Fourier mdul&,, ky, t)
over the single variable, (h(k,t)) = <eL(k 9)t> h(k, 0),
whereas for the cases (i) and (iii), further approxi-
mations are necessary to compug. If we restrict
ourselves to the tractable case of small fluctuatiéths
aroundéo, we may linearizel with respect taso, i.e.
L(6o + 66) ~ Lo + 60 L1, with Ly = dL/86 depending
upon primed quantities, &, &), which are the deriva-
tives of the cofficients in eq. (2) with respect tbat 6.

cussed elsewhere. The renormalization due to homoge-
neousd noise always contributes to a stabilization of
the ky modes, especially for largelh. On the other
hand, Fig. (3) illustrates, that for case (iii), beam pro-
file noise can completely change the kinetic phase dia-
gram of pattern formation. For simplicity, we have put
o = u. The typical Bradley-Harper scenario (upper pan-
els: o = 2d) with preferential growth of perpendicular
ripples (crests parallel to the y-axis) at small incidence

Then the beam fluctuations become multiplicative noise angles is depicted in the left upper panel. It is changed

terms in the evolution equation fbrand can be treated

into a more complex scenario (right upper panel), which

by standard techniques (see Ref. [6] for a comprehen-implies parallel ripples growing faster at small angles

sive overview). To illustrate the flerences emerging

and an additional crossover region betweef-2030°

from different models of the beam profile, we study the to perpendicular ripples due to a nontrivial beam pro-

evolution of(h) for small Gaussian fluctuations in cases
2

file. This scenario is very susceptible to other beam pa-



rameters, as depicted in the lower panels of Fig. (3), enhances dliusion by slight changes iBs or tempera-
where we changed the extension of the collision cas- ture.

cade fromo- = 2d to o = d. Here, the Bradley-Harper First, let us discuss some generic results for situa-
theory would only lead to faster growing parallel ripples tions, where patterns are formed mainly by erosion. In
whereas the beam divergence noise leads back to an exthese runs, we exclusively used the flat distribution of
tended region with dominant growth of perpendicular incidence angles. Fig. 3 illustrates a generic slowing
ripples. down of the pattern formation at average incidence an-
gle 6p = 50° with increasing width of a flat distribu-
tion. But there are also some salient, qualitatiffe&s

of beam divergence on pattern formation, which can be
observed. Fo#y = O, i.e. sputtering at average nor-
mal incidence angle, we consider a parameter region,
where neither ripples nor dots appear in case of an ideal,
divergence-free beam. Fig. 3 depicts the structure func-

3. Monte Carlo Simulations

Given the nontrivial nature of the averaging proce-
dure inherent in the analytic continuum approach it
seems also promising to studffexts of beam profiles
via Monte Carlo simulations. Within this method, re-
alistic distribution functions of beam parameters and tion S = (Jh(k,t)[?) vs. k. Without beam divergence,
material specific dfusion models can be handled eas- there is no sign of a preferred wavelength. A beam di-
ily . Our simulation method has been described several vergence ird leads to a maximum d& at a nonzerd,
times, more details can be found in Refs. [8, 9, 10, 11]. this maximum increases, if the beam is also widened in
We use a lattice gas, solid-on-solid model. The discrete ¢, thus a preferred wavelelngth of the surface patterns
height profileh(x, y, t) is updated via erosion steps and develops. To illustrate thisfiect, we show the limiting
diffusion steps. An erosion step is initiated by choos- case of a flat distribution o over the entire interval
ing an ion, starting from a random position above the [0, 2x].
surface, then calculates the deposited energy at surface In Fig (3) a further genericféect of beam divergence
points (using Sigmund’s formula[12, £(X,Y,Z) « is shown, which we expect to appear near the critical
exp[-(x2+y?)/(2u?)] exp[-(Z +d)?/(20-%)] with an ion angled., which seperates the regimes of ripples perpen-
trajectory parallel t&@ axis and the origin corresponds dicular and parallel to the ion beam directionxn-y
to the point of penetration) and sputter§ a surface plane. In this regime, the patterns depend very sensi-
particle with a probability proportional to this energy. tively upon deteails of the beam properties and sudden
Diftusion steps consist of thermally activated hops of qualitative changes of patterns under slight changes of
surface particles to unoccupied nearest neighbor sites.incidence angle or beam profile may appear.

The kinetic barriers of this hopping consist of a constant  In a second series of simulations, we have tried to get
term Es due to the binding of the surface atom to the closer to realistic conditions. We have used beam pro-
substrate, a bond-breaking term, which depends uponfiles, which resemble those of Ref. [3] and we have
the numbers of in-plane neighbors of the initial and fi- increased the ratiaj/rq by a factor of 1000, which
nal site and an Ehrlich-Schwoebel barrier, which hin- would lead to surface structures emerging from Ehrlich-
ders the approach towards a downhill step of a terrace Schwoebel dtusion in the absence of erosion. In the
[13] and which may lead to anisotropic instabilities of a right panel of Fig. (3) the ripple pattern is shown,

flat surface. In the following, we present results for case
(iiii), first using a flat distribution of incidence anglés
(B, see above) and then more realistic distributions from
ref. [3]. Case (iii) is simulated by randomly choosing a
position and an incidence angle for every ion. A most
important parameter for pattern formation is the ratio
of timescalesri/t4, Wherer; is the time between two
incoming ions andy is the time between two random
hops. For typical fluxes of 10'° s~ cnT?, there is~ 1
ion per atom per second, sp~ 1/L? for a system with
a flatL x L surface. Forry we take the waiting time for
a hop over a substrate barriey = 7o expEs/(KT)),
which is~ 0.01sfor 350K, Es = 0.75 eV and a typical
19 ~ 10713 s, In our simulations we have increased this
typical ratior; /74 = 100/L? by factors of~ 10°, which

3

which emerges after 3 monolayers of erosion without
any beam divergence (beam direction parallel to the x-
axis). With the beam profile corresponding to ref [3],
the pattern shown in the right panel of Fig (3) results,
which is composed of ripple patterns along110) di-
rections. This same type of pattern is found for the ideal
beam, if the ratiar; /74 is reduced by a factor of 10°.
Thus it seems that a beam divergence enhané@ssitin
effects of Ehrlich-Schwoebel currents (which lead to is-
lands with 438 edges). The presented example clearly
illustrates that the type of pattern depends sensitively
upon the beam profile and that there may be subtle in-
terplays betweenfiects from such secondary ion beam
parameters and surfacefdision.

In conclusion, we have set up and studied a contin-



uum theory and a Monte Carlo model of IBS including
ion beam profiles. In both approaches we have found
clear indications of a rather strong dependence of sur-
face patterns upon the special type of noise, which is
produced by nontrivial ion beam profiles, as has been
observed in experiments [1, 3, 2]. Whereas the con-
tinuum approach is mosttective for small, Gaussian
fluctuations, where it leads to a renormalization of co-
efficients of the local evolution equation of the average
height profile, the Monte Carlo model is able to treat
generic as well as more realistic and material specific
situations. As the pattern forming scenarios depend sen-
sitively on beam parameters andfdsion, such a mod-
eling is neccessary, if one wishes to compare theoreti-
cal and experimental results in more detail. Our analy-
sis also revealed that a comparison between continuum
and MC results requires (i) the inclusion of non-linear
effects in the continuum theory and (ii) simulations on
longer time scales in MC modeling for small Gaussian
fluctuations. These studies are currently under way.

Acknowledgement This work was funded by the
DFG within the SFB602 and by the VolkswagenS-
tiftung.

References

[1] F. Frost, B. Ziberi, A. Schindler, and B. Rauschenbach. Surface

engineering with ion beams: from self-organized nanostructures

to ultra-smooth surfaceé\ppl. Phys. A91:551-559, 2008.

B. Ziberi, F. Frost, M. Tartz, H. Neumann, and B. Rauschen-

bach. Inportance of ion beam parameters on self-organized pat-

tern formation on semiconductor surfaces by ion beam erosion.

Thin Solid Films 459:106-110, 2004.

B. Ziberi, F. Frost, M. Tartz, H. Neumann, and B. Rauschen-

bach. Ripple rotation, pattern transitions and long range or-

dered dots on silicon by ion beam erosioAppl. Phys. Letf.

92:063102, 2008.

R. M. Bradley and J. M. E. Harper. Theory of ripple topog-

raphy induced by ion-bombardmentl. Vac. Sci. Technol. A

6(4):2390-2395, Jul 1988.

M. A. Makeev, R. Cuerno, and A. L. Barabi. Morphology of

ion-sputtered surfaceNucl. Instr. and Meth. in Phys. Res, B

197(3-4):185-227, Dec. 2002.

[6] J. Garcia-Ojalvo and J.M. SanchtNoise in spatially extended
systems.” Springer, New York, 1985.

[7] E.A. Novikov. Functionals and the random force method in tur-
bulence theorySov. Phys. JETR20:1290, 1965.

[8] A.K.Hartmann, R. Kree, U. Geyer, and Mdkbel. Long-time

effects in a simulation model of sputter erosioPhys. Rev. B

65(19):193403, May 2002.

E. O. Yewande, A. K. Hartmann, and R. Kree. Propagation of

ripples in monte carlo models of sputter-induced surface mor-

phology. Physical Review B (Condensed Matter and Materials

Physics) 71(19):195405, 2005.

E. O. Yewande, R. Kree, and A. K. Hartmann. Morphologi-

cal regions and oblique-incidence dot formation in a model of

surface sputteringPhysical Review B (Condensed Matter and

Materials Physics)73(11):115434, 2006.

(2]

(3]

(4

(5]

Bl

(10]

4

[11] E. O. Yewande, R. Kree, and A. K. Hartmann. Numerical anal-
ysis of quantum dots onfidnormal incidence ion sputtered sur-
faces. Physical Review B (Condensed Matter and Materials
Physics) 75(15):155325, 2007.

P. Sigmund. Theory of sputtering. i. sputtering yield of amor-
phous and polycrystalline target®hys. Rey.184(2):383-416,
Aug 1969.

M. Biehl. Lattice gas models and Kinetic Monte Carlo simula-
tions of epitaxial growthBirkhauser, 2004.

(12]

(13]



Figure captions

Fig.(1): Renormalization of both the parameter
ay(fo) and ay(fp) from equ.(2) due to case (iii) beam
profile noise are shown. The left upper and lower panel
depict the behaviour for an ideal beam, (which already
appeared in Ref. [4, 5]) (upper panélioc = d/u = 1,
lower paneld/o = d/u = 2, the right panels show
the renormalizationféects, if93C(0) = 5C(0) = 0.2.
solid lines a,, dashed lines a,. The lower curve
corresponds to faster growth within linear theory. Note
that the dependence of the dominant ripple orientation
forideal beams are changed completely due to the noise. 1

renormalizedax/ay
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Fig.(2): Time evolution of the surfaces which are 06 - ] g
sputtered by an ion-beam with flat distribution profile. ~ & 2‘2‘ IR
Horizontal axis is time (ioffateral atom) and vertical obfo] B
axis is the value of widthAg in degrees. 6y=50, o2f A N
L = 256 and on energy Ism(ev 04 0 1‘0 2‘0 :;0 4‘0 5‘0 6‘0 7‘0 8‘0 90 o8 0 1‘0 2‘0 30 40 5‘0 6‘0 7‘0 8‘0 90

angle of incidence [deg] angle of incidence [deg]
Fig.(3): The modulus of structure factor of surfaces
obtained from sputtering with non-zero ion beam
divergence (limiting cases with¢ = 0 andA¢ = )
compared to the case of sputtering by an ideal beam.

Figure 1: Renormalization of parameters ....

Fig.(4): Simulation results fogy = 65 (> 6.),
A9 = 0° (left panel) and 20 (right panel) at £2
iongatom. Narrow bars indicate the azimuthal align-
ment of ion-beam.

Fig.(5): Simulation results of sputtering by an ion
beam directed along the x-axis at an average angle of
0o = 50° for t = 3 iongatom @d/o = 2,d/u =4,d =6
lattice constantd)eft panel ideal beamRight panel
Beam profile corresponding to [3]. fusion is deter-
mined by an Ehrlich-Schwoebel barrier BEs = 0.15
eV and an energy per bond Bf = 0.18eV

l 1.’0 [ '
o bl '.uu."

. b e ) <
[T b‘ |ﬁ
i .' . "M .

5 9

Figure 2: Time evolution of the surfaces ....
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Figure 4: Simulation results for ....

Figure 5: Simulation results of sputtering ....



