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lon bombardment is known to enhance surface diffusion and affect the surface morphology. Here
we demonstrate that preferential erosion during ion sputtering can lead to a physical phenomenon
reminiscent of surface diffusion, what we call effective surface diffusi€®D), that does not imply

mass transport along the surface and is independent of the temperature. We calculate the
ion-induced ESD constant and its dependence on the ion energy, flux and angle of incidence,
showing that sputtering can both enhance and suppress surface diffusion. The influence of
ion-induced ESD on ripple formation and roughening of ion-sputtered surfaces is discussed and
summarized in a morphological phase diagram. 1897 American Institute of Physics.
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Sputtering, the removal of atoms from the surface ofnew mechanism for ion-induced diffusion, showing that
solids through the impact of energetic particlemns), is an  sputtering can lead to preferential erosion that appears as
important thin film processing technigieConsequently, surface diffusion, even though no actual mass transport along
much attention has been focused on the measurement atite surface takes place in the system. To distinguish it from
calculation of the sputtering yield and of the velocity andordinary surface diffusion, in the following we refer to the
angular distribution of the sputtered particles. However, forion-induced component)', as effective surface diffusion
many applications an equally important phenomenon, ion{ESD) constant. We calculate analytically the ESD constant
induced surface diffusiof;® has eluded sufficient under- and its dependence on the ion energy, flux, angle of inci-
standing so far. In the absence of ion bombardment surfacéence, and penetration depth. We find that there exists a
diffusion is thermally activated and characterized by the dif-Parameter range when ion bombardment generates a negative
fusion constanD =D, exd —E4/ksT], such that the evolu- ESD constant, Iea_ding to morphological instabilities aI(_)ng
tion of the surface height(x,y,t) is described by the con- the surface, affecting the surface roughness and the ripple
tinuum equation oh/dt=—D+;V*h.2 Here E4 is the Structure. o _ _
activation energy for surface diffusion of the adatoms @nd _|0n-beam spuittering is determined by atomic processes
is the substrate temperature. The most common effect of iofl@king place within a finite penetration depth inside the bom-
on surface diffusion is related to direct transfer of the energy’@ded material. A convenient picture of the ion bombard-
and momentum to the surface atoms by ion-atom collisiongeNt Process is shown in Fig. 1. The ions penetrate a dis-

changing the diffusion probability of an atom to diffuse from t@ncea inside the bulk of material before they completely
P~exp(Ey/ksT) to P~exy—(E,—E)/ksT], where E; is spread out their kinetic energy with some assumed spatial

the energy transferred from the ion to the surface atoij's.mbUt'on.' An ion releasing its energy at poiRtin the
olid contributes energy to the surface podt that may

However, a different mechanism appears to take place for

higher energies, when the substrate is eroded by iorinduce the atoms O to break their bonds and leave the

bombardment: in this case the effective diffusion is indepen—Suncace or d'ffﬂf’lel along it

dent of temperature. For example, MacLareral® bom- Following,™ “we consider that the average energy de-

barded GaAs with 17 keV Csin the temperature range from positeql at PO"P‘O qu%e to the ion arriving aP follows the
—50 to 200 °C, observing the development of a ripple struc—GaUSSIan distributi

ture on the surface with a wavelength proportional to the 6 7’2 x'24y'?
square root of the diffusion constant. When decreasing the E(r’)= W exq’ T 552 T,u,z_ . 1)

temperature, the ripple spacingvavelength did not de-
crease exponentially to zero with the inverse temperature, |, Eq. (1) ' is the distance measured along the ion
but at 55 °C it stabilized at a constant value, providing direcrtrajectory,x’,y’ are measured in the plane perpendicular to
evidence for a temperature independent ion-induced surfaqE e denotes the kinetic energy of the ion am@nd x are the
diffusion constant. Similar effects were observed for SiO \igths of the distribution in directions parallel and perpen-
bombarded by 5 keV atoms, and strong evidence for thigjicyjar to the incoming beam, respectively. However, the
process is provided by the recent numerical simulations b)éample is subject to a uniform flukof bombarding ions. A
Koponenet al,’ who observed ripple formation even when jarge number of ions penetrate the solid at different points
surface diffusion was absent in the model. Although the efsjmultaneously, and the velocity of erosionGitdepends on
fect of the ions on surface diffusion is well documented ex-the total power#, contributed by all the ions deposited

perimentally and numerically, there is no theory that wouldwithin the range# of the distribution[Eq. (1)], such that
quantify it. In this letter we demonstrate the existence of a

v=pfﬁdr<b(r)E(r), (2
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The consequences of Eqd) and(5) can be summarized
s as follows:
' RN (a) It is important to note that Eqg4) and (5) do not
SRERNEIN P\\ imply that there is mass transport along the surface. The
N VoA effective surface diffusion tern€qgs. (4) and(5)] are gen-
R erated by preferential erosion of the substrate, i.e., certain
parts of the substrate are eroded faster than other parts, de-
_ _ . o . pending on the local surface morphology. If the system is
FIG. 1. Following a straight trajectorgsolid line) the ion penetrates an yiewed from the coordinate frame moving together with av-
average distanca inside the solid(dotted ling after which it completely heighfwhich i f l is d b ti
spreads out its kinetic energy. The energy decreases with the distance frofff @J€ Nelghtw 'C. In-our _Orma 1Sm IS. one by separa Ing

P, the dotted curves indicating schematically the equal energy contours. THE1® constant erosion ratg in Eq. (3)] this preferential ero-
energy released at poift contributes to erosion @. The inset shows the ~ Sion appears as a reorganization of the surface, correspond-
laboratory coordinate frame: the ion beam forms an adgléth the normal ing to a surface diffusionlike mechanism. For this to happen
to the average surface orientatian,and the in-plane directior is chosen P . . . '
along the projection of the ion beam. actual atomic diffusion is not required. o _

(b) Independent of sign of the angle of |nC|derﬁ)§ is

positive while the sign of th@!( depends on botld anda,, .
where®(r) corrects for the local slope dependence of theThus, while for =0 the ion bombardment enhances the

uniform flux J and p is a proportionality constant between ¢ tace diffusion DL>0), for large 6 it can suppress the
power deposition and the erosion raléhe calculation of surface diffusion(see below.
involves the following assumption§or more details see (o) It is a standard experimental practice to report the

Refs. 11 and 1¢ (a) In the laboratory coordinate frame yagnitude of the ion-enhanced diffusion using an effective
(x,y,z) the surface can be described by a single valueqgmperaturaef, at which the substrate needs to be heated to

height functionh(x,y,t), measured from an initial flat con-  ,pain the same mobility as with ion bombardmé&htwe
figuration which lies in theX,y) plane(see Fig. 1; (b) the a1 calculatere” using the relatiorD'+ D, exp(E, /kgT)
angle between the ion beam direction and the local normal ta_ Dy exp(—E, /ksT®

. X o ). The anisotropic ESD constant trans-
the surface is a function of the angle of incideritand the  |5ia5 into an anisotropit®", i.e., we haveref=Tef
, e, x 7Ty -

yalues of the local slopegh anddyh, and can be expanded (d) The result§Eqgs.(4) and(5)] are based on Sigmund’s
in powers of the latter. Under these conditions, we can eXgheory of sputterintf that describes sputtering in the linear
pand Eq.(2), obtaining the equation of motion cascade regime. The energy range when this approach is ap-
plicable lies between 0.5 keV and 1 meV, the precise lower
oh oh °h Fh Ay é’h)z and upper limits being material dependent.
— =—UVotyY -ttt 5 . . .
at X X Yoy 2 (e) Finally, we estimate the ESD coefficient. Taklhg
p=103cm¥ev, a=100A, typical flux J
@ = 10* ions/cnf s we obtainD'=10"2* cn¥/s. Bradley and
Harpet! estimated the value of the thermally activated dif-
fusion coefficient for the same material and ion conditions,
Hereuv, is the erosion rate, the second term accounts fopbtainingDt= 1022 cmf/s for T=700 °C. Thus, sinc®r,
uniform motion of the surface features along the decreases exponentially with temperatudé,can be signifi-
direction!®*? v, and vy represent ion-induced surface ten- cant at low temperatures, in some cases being comparable or
sion terms\, and A, characterize the slope dependence oflarger than the thermal diffusion constanote that McLaren
the erosion rate, whild-D'X and D'y are the ion-induced ESD et al® observed the temperature independent ripple wave-
coefficients. length in the range of 20-60 jC
From Eg.(2) we can calculate the expressions for these  Ripple formatior—The origin of the ripple formation
coefficients in terms of the physical parameters which chareuring ion sputtering is an ion-induced instabiliyvalleys
acterize the sputtering process. The coefficientsand v, are eroded faster than crests, expressed by neggtaedv,
were first calculated by Bradley and Harpémhile the non-  coefficients in Eq(3).}* At short wavelength this instability
linear expansion was performed’hproviding\ and\,. A is balanced by surface diffusion. A linear stability analysis
fourth order expansion is used to obtain the ion-induced ESpredicts that the observable ripple wavelength lis
constant} andD'y. While the calculations were performed =2D/|v|, wherew is the largest in absolute value of the
for arbitrary o and u, to simplify the discussion we restrict negative surface tension coefficients. Accordingly, the wave
ourselves to the symmetric case=u. Using F  vector of the ripples is parallel to theaxis for small§ and
=(ed p/\/ﬂ)exp(—aﬁjz+ a§52/2), s=sin 6, c=cosf, and perpendicular to it for large.'! The large length scale be-
a,=alo, we find for the ESD constants havior is described by the noisy anisotropic Kuramoto—

ax
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. the KPZ nonlinearity cannot turn on the KS stabilizatidn,
the system being unstable at large length scales as well. This
instability is expected to lead to exponential roughening. The
lower boundary of this region is given by thg=0 line.

Region I\V—Here we haver,>0, »,<0, D!,<0, and
D'yy>0, i.e., one expects the surface to be periodically
modulated in they direction, leading to a ripple structure
oriented along the direction. In thex direction we have a
reversal of the instability: the short length scale instability
generated by the negati\m!( is stabilized by the positive
surface tensionv, . Thus, there is no ripple structure along
the y direction. Regarding the large length scale behavior,
along thex direction the surface diffusion term is irrelevant
compared to the surface tension, thus one expects KPZ scal-
ing. However, along thg direction the KS mechanism is

0 (degrees) expected to act, renormalizing the negativgto positive
values for length scales larger thb{p, leading to a large
FIG. 2. Phase diagram for the isotropic case u=1. Region |:v,<0, wavelength KPZ behavior.
v,<0, D}>0, D{>0, andl, >l ; region II: ,<0, vY<0'_ D'x>_0’ DIY_>O’ The authors would like to acknowledge discussions and
y=0; region IV: vy comments by R. Cuerno. This research was partially sup-

and 1,<l,; region Ill: »,<0, v,<0, D}<0, andD
>0, »,<0, D}<0, andD;,>0. Note that the phase diagram is independent ) ]

of the precise values df, p, while the e dependence is contained ar . ported by the University of Notre Dame Faculty Research
Program.

4.0

@ 20

0.0

Sivashinsky(KS) equationt?** leading to roughening or
the development of coarsening ripple domdihs.
. At finite t(?mperatures the total dlfoSIQH Cantam IS ! Sputtering by Particle Bombardmergdited by R. Behrisct{Springer,
given byD=D"+D+. As T decreases, there is critical tem-  Heidelberg, 1981, 1983Vols. I-lIl.
peratureT., at whichD'=Dy, so that forT<T, the diffu- ?C. Herring, J. Appl. Phys21, 301(1950; W. W. Mullins, ibid. 28, 333
sion is dominated by its ion-induced component, which is (1957); in the context of stochastic models see D. E. Wolf and J. Villain,
ind d N . ith ,h . Europhys. Lett13, 389(1990; S. Das Sarma and P. |. Tamborenea, Phys.
independent of temperature, in E?1greement with the EXPeri- Rey. Lett.66, 325 (1991).
mental results of MacLareet al,> who observe that is 3V. 0. Babaev, Ju. V. Bukov, and M. B. Guseva, Thin Solid Filgs 1
constant folT<T.=55 °C. Numerical support for this effect 4(1976- A i (1977
: B : 9 M. Marinov, Thin Solid Films46, 267 (1977.
v_vas prOVI.ded by the SImUIathnS of KOponem al,” who ..®S. W. MacLaren, J. E. Baker, N. L. Finnegan, and C. M. Loxton, J. Vac.
flnq that ripples develop even in the absence of surface dif- ¢ Technol. A10, 468 (1992.
fusion. 6S. A. Barnett, H. F. Winters, and J. E. Greene, Surf. $81, 596 (1987;
Morphological phase diagramThe detailed morpho- Zh. I. Dranova and I. M. Mikhailovskii, Sov. Phys. Solid Stdtg 104
. . . . . . .. (1970; E. Chason, P. Bedrossian, K. M. Horn, J. Y. Tsao, and S. T.
logical phase dlagram is rather pomplex if the diffusion is Picraux, Appl. Phys. Let57, 1793(1990: E. Kay and S. M. Rossnagel,
not thermally activated, but ion-induced. At low tempera- “Handbook of ion beam processing technology,” Sputtering by Par-

tures, whenD+ is negligible compared td', the ripple ticle Bombardmentedited by R. Behrisct{Springer, Heidelberg, 1981,

I _ N I_ ST T 1983.
Waveleng'.[hs aréx._ 2m DX/| VX| and IV_ZW Dy/| Vy|' In 7J. Y. Cavaille and M. Drechsler, Surf. S@i5, 342 (1978.
the following we discuss the dependence of the surface morsg . Rossnagel, R. S. Robinson, and H. R. Kaufman, Surf.134. 89
phologies on the experimental parametérand a,, based (1982.
on the phase diagram shown in Fig. 2. °|. Koponen, M. Hautala, and O.-P. Sievanen, Phys. Rev. Z&t2612

: . . (1997.
Region +—The surface tensions, andv,, are negative  1op "gjgmind. phys. Rews4 383(1969; J. Mater. Sci8, 1545(1973.

while D, andD, are positive, consequently we have a su-1'r. M. Bradley and J. M. E. Harper, J. Vac. Sci. Technol.6A2390
perimposed ripple structure along tk@ndy directions. The (1988,

experimentally observed ripple wavelength is the smallest oﬁg- g‘;\gg;onar}d Q-‘LMS)"I";‘:‘“E PEySkeFfleEn;ittYS' ‘:j 4&((:1'%3- nd A

the two, and sincé>1y, the ripple wave vector is oriented  poward, phys. Rev. Let2, 3040(1994; T. M. Mayer, E. Chason, and
along they direction. The lower boundary of this region A.J. Howard, J. Appl. Phys6, 1633(1994: G. Carter, B. Navinsk, and

separating it from region Il is given by the solution of the _J. L. Whitton, see Ref. 1, Vol. I, p. 231.
= equation 14y. Kuramoto and T. Tsuzuki, Prog. Theor. Ph{§, 356 (1977); G. I.
x 'y =1 ’ . . . Sivashinsky, Acta AstrorB, 569 (1979.
Region I+—Here the ripple wave vector is oriented along 15g. o, kiund, R. Bruinsma, and J. Rudnick, Phys. Rev. L8R, 1759
the x direction, sincell(<l'y. This region is bounded below  (1991; Surf. Sci.285 157 (1993; J. Krim, |. Heyvaert, C. Van Haesen-

by theD! =0 line. At large length scales in regions | and Il donck, and Y. Bruynseraede, Phys. Rev. LE@. 57 (1993; H.-N. Yang,
ts kinetic roughening described by the Kardar < /ang and T-M. Lu, Phys. Rev. 8, 7635(1994.
one expects g 9 y ). Rost and J. Krug, Phys. Rev. Left5, 3894(1995.

Parisi-ZhangKPZ2) equation:>1"18 "M, Kardar, G. Parisi, and Y.-C. Zhang, Phys. Rev. LB8, 889 (1986.
Region Ili—In this regionD}, is negative, while the signs **Dynamics of Fractal Surf;ceedited by F. Family and T. Vicseforld
of all other coefficients are the same as in regions | and |1, Scientific, Singapore, 1931W. M. Tong and R. S. Williams, Annu. Rev.
. . . . . Phys. Chem45, 405 (1994; A.-L. Barabai and H. E. StanleyFractal
Since both surface tension and surface diffusion are destabi-concepts in Surface GrowtfCambridge University Press, Cambridge

lizing alongx, every mode is unstable and one expects that 1995.

2802 Appl. Phys. Lett., Vol. 71, No. 19, 10 November 1997 M. A. Makeev and A.-L. Barabasi
Downloaded 17 Oct 2006 to 129.74.250.197. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp



