APPLIED PHYSICS LETTERS VOLUME 73, NUMBER 10 7 SEPTEMBER 1998

Effect of surface roughness on the secondary ion yield in ion sputtering
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There is extensive experimental evidence that, at low temperatures, surface erosion by ion
bombardment roughens the sputtered substrate, leading to a self-affine surface. These changes in the
surface morphology also modify the secondary ion yield. Here, we calculate analytically the
secondary ion yield in terms of parameters characterizing the sputtering process and the interface
roughness. ©1998 American Institute of PhysidS0003-695198)04036-4

Sputtering is a basic tool in surface analysis and cleanrive an expression that provides the yield as a function of the
ing, depth profiling, and sputter depositibDue to its wide-  experimental parameters characterizing both the ion bom-
spread use, the effect of the sputtering process on the surfabardment and the surface morphology. A combination of nu-
morphology motivated a number of experimental and theomerical and analytical methods is used to investigate the ob-
retical investigations. As a result, there is extensive experitained expression and uncover the behavior of the yield. We
mental evidence that ion sputtered surfaces either have fand that for the experimentally most relevant parameter
self-affine profilé® or, if there is considerable surface dif- range the roughness modifies the yield. In particular, we
fusion, they may develop a ripple morpholog§/The rough  show that the flat-surface approximatiarsed in all previous
morphology can be described in terms of surface widthanalytical studiesis valid only when the penetration depth

w(r, ,&), that scales as of the ion is much larger than the surface width.
. The physical process taking place during ion bombard-
wA(r | ’§)5<[h(u)_F(O)]2>:W§a(r¢) f(r, 1€), ment is illustrated in Fig. 1. An ion strikes the surface at
& pointr =(x,y,h), and stops at a distaneafter all its energy

1) is dissipated due to elastic and nonelastic interactions with
wherer | =(x,y), a is the roughness exponent for the inter- the atoms of the material. The energy deposited at pgint
face h(r,), h(0) is the mean height of the interface, and =(0.0,0) by the ion reaching the point=(x,y,z) is well
() denotes both ensemble and space average. The scalifl§scribed by the Gaussian distributitn

function f has the following propertiesf(u—0)=1 and 5 )

f(u—w)=u"?% The correlation lengtl§ in Eq. (1) depends E( ) € p{ ¢ Xty @
N / ' r.2)= 53z 28XP) ~ 527 5,2 (>

on time asé~t*?, wherez is the dynamical exponenit. * (2m)*ou 20°  2u

The experimental relevance of this scaling relation hasvvheree is the kinetic enerav of an incident ion and the
been verified by experiments involving 5 keV Ar bombarded 9y

graphité and iron surface¥and 0.5 keV Ar ion-bombarded m_aterlal-dependent pa ra_me’F and p charac'_terlz_e the
. . . . widths of the energy distribution alormandx(y) directions,
Si surface$. Motivated by these experimental studies, ana'respectively

lytical investigations have addressed the basic mechanisms The erosion rateat an arbitrary poin& on the surface is

determining  both the rough —and the ripple proportional to the energy deposited by all the bombarding

H ,10,11
morpholog|e_§’. : . ions. The contributions in the total energy at poktome
Uncovering the morphological features of ion-

bombarded surfaces leads to the important and still unex-

plored question: How does roughness affect the sputtering 7 Incident Ton
process? The classical theoretical literature focusing on ion
sputtering assumes the existence dfaa surface ignoring

the surface roughness. Exceptions include the work by
Yamamuraet al,* who studied the sputtering yield for
rough surfaces using the Monte Carlo cadsT. However,
their model of a rough surface had a regular comb shape, in
contrast with the random self-affine interface morphology
uncovered by recent experiments.

In this paper we take a first step toward a systematic
understanding of the effect of the surface morphology on the
sputtering yield. In agreement with experiments we consider
that the bombarded surfacesslf-affine®*3 characterized by i, 1. Following a straight trajectorfthe solid ling the ion penetrates an

a well-defined surface width and correlation length, and deaverage distanceinside the solidthe dotted lingafter which it spreads out

its kinetic energy. The energy decreases with the distance®ahe dotted
curves indicating schematically the equal energy contours. The energy re-
3E|ectronic mail: alb@nd.edu leased aP contributes to erosion &.
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from all the points of the substraRwhere the ions stop and
spread out their kinetic energy, according to E2). Thus,
neglecting the effects of shadowing and redeposition of the |
eroded material, we obtain the following expression for the
normal velocity of erosion aA:

v=)\f f dr, dzEr, ,2)®(r, ,2). 3 %
T >
15
Here the constant\ depends on the properties of the
substrat&%andd(r, ,z) is the local correction to the uni-
form flux J due to local curvature variatiofis.
Following Sigmund''* we assume the following ex- -
pression for the secondary ion yield: 0 , .
~0.0 5.0 10.0 15.0
ovn saturation width w,,, (hm)

Y= @
FIG. 2. Normalized yield as a function of the saturation width,,. We
wheren is the density of the target atoms. L|m|t|ng the cal- usedé=21 nm, and the different curves correspond to penetration depths

culations to the case of normal incidence, we obtain the fol$9u2 1@ 0.5 nm,(b) 1 nm, and(c) 1.5 nm. Dashed curves correspond to
! the parameter free small,,/a expansion of Eq(9), given by Eq.(12). The

lowing expression for the local flux variatioflue to local  jset shows the normalized yiel¥(Y(0)—1) on a log—log scale for small
curvature: values ofwg,/a, emphasizing the good agreement between the expansion

5 5 and Eq.(12).
®(r,,2)=1J codarcta(y[ V,h(x,y)*+[V,h(x,y)]9)}. (5)
The exact shapeof the self-affine interface cannot be ex- _ _— )
pressed as a simple analytical function. However, we canuse | (27)72u2 SERREI
probabilistic concepts and the properties of self-affine inter- )
faces to calculate the average yiéliihe height—height cor- (¢ d 1 -
relation function of a self-affine interface scales(fls(r,) 1 Or ' JWZ (1182 +o2) X 2u’

—h(r )13~ (r.—r . o])?*. Thus, if we choosé(0,0)=0,

the probability that the surface height &ty is equal to < expl — a’ (10)
h(x,y) is given by the Gaussian distribution 2(Wo(r1€)%*+a?) |’
P(r, ,h) = ;{ i ] ®) = G p[ ¢ ]
roh=————exp —=———1, lym——— - -2
VT e L 2w it od) O 2w o) TP T 242
(11)

wherew(r  ,£) is the interface width. Consequently, instead
of performing the integral2) over a well-defined surface Equations(9)—(11) completely describe the yield as a
topologyh(x,y), we take araverage over all possible con- function of the parameters characterizing the ion-
figurations weighting each of them with probability bombardment process, such as ion penetration depthe

P(r, ,h). Thus we arrive at the following expression for the Widths of the deposited energy distributions,and o, and
average yield” the parameters characterizing the surface morphology, such

as the saturation widthwg,, and correlation lengtl§. Next
we proceed by integrating E¢4) numerically for different
values of¢ anda.*®

(7 Figure 2 shows the variation of the total yield with the

S ., saturation widthwg,, for different values ofa. This plot al-
Nextwe assume that the probability distribution of the r]elghtlows for direct cons%arison with experiments sinceproughness

P(r, ,h) and the probability distribution of the height gradi- grows with irradiation time asv.~tf, providing a direct

entP[r, |V, z(x,y), V,z(x,y)] are decoupled, which is con- . . . .
SiStEIEtLV\lI itﬁ t(heyr)an d{)rg ?/23] self-afﬁnepnature of rough in_relatlon betweemw,, and the experimentally available irra-
N diation time.

terfaces. Using Eq$2)—(7) and performing the integral over

AnJd %
Y 2)) f/ __drudhE(r, mP(r h)(@(r, h).

B (D(ry,

h we obtain the yield as tingazhlzelg. 2 illustrates, two leading behaviors can be dis-
Ane o 1 (@ wgy=<a: In this regime the yield increases with;.
Y= Wﬁ f rdr \/?2— The origin of this behavior is the following: With an increas-
mJo (Wir,&)+ %) ing W, the total area of the surface also increases. If all the
r2 a2 sputtering conditions are the same, a larger surface area is
exp[ Zﬂz}eXp[ WD+ oD (80  known to lead to an increased yieft?° In the limit &

>Wwg,We can expand Ed9) for smallwg,/a, keeping terms
To proceed further, we need to include the functional form ofup to the second order. We find that in the initial stages of
the interface width(1) in Eq. (8). Using Eqgs(1) and(8), we  the roughening process the yield depends on the saturation

finally obtain the yield as a sum of two integrals width asY=Y(0)+ Cw2, the exact expressiéhbeing
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The interface width is expected to increasevag~t? and
é~112, According to our previous discussion, such an in-
crease in thevg,;and € will result in a modified yield as well.
The magnitude of the yield change depends on the interplay
between the parametevg,, & anda, and for a given ex-
periment can be explicitly obtained by integrating E(—
(11). Eventually wg, andé reach a saturation value, which is
expected to lead to the saturation of the yield as well. The
accumulated information on surface rougheming,com-
bined with Eqs.(9)—(11), allows us to make rather specific
15 200 predictions on the interplay between the yield and the surface
morphology. Since many experimental techniq(eg., sec-
FIG. 3. Normalized yield as a function of the correlation lengtiplotted ondary ion mass spectromefgyrobing the material structure

for wg,=5 nm. Different curves correspond to different values of the pen- . . . . .
etration depth, such a& a=5nm, () a=2 nm, and(c) a=1nm. The rely on the precise determination of the secondary ion yield,

0.5 L
0.0 5.0

100
correlation length & (nm)

dashed line corresponds to the flat surface limit. the understanding of the morphology-induced yield modifi-
cations goes beyond mere scientific interest, having a direct
ANe 1 Wgat 1 1 technological impact.
Y=——"—exp — =7 1+ 2 |53 52 i .
(2m)o 2€] a® \2€; 2e3 This research was partially supported by the Faculty Re-

search Program of the University of Notre Dame.
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As Fig. 2 illustrates, Eq(12) provides an excellent ap-
proximation for smallwg,. The experimentally relevant pa-
ramﬁter rar_lgels fONST.t an.dg sp;an a Wi(.je regi%r.]’. depehnding Sputtering and their ApplicationgAcademic, London, 1976
on the particular realization of sputtering conditideach as . . ’ L
the incFi)dent ion energy, ion fIEx, inte?face te%pera}ﬁre Zitﬁ'(s’kllu;]gé(Flaégngemsma' J- Rudnick, and R.'S. Willlams, Phys. Rev.
However, for many systems this quadratic regimevigy;iS g A. Eklund, E. J. Snyder, and R. S. Williams, Surf. Q85 157(1993.
the most important experimentally. For example in Ref. 2 “H. You, R. P. Chiarello, H. K. Kim, and K. G. Vandervoort, Phys. Rev.
W Varies from O to 10 nm, ané~0-25 nm, thus the first  Lett. 70, 2900(1993.

25%-50% of the experimentally available sputtering range iSSJ. Krim, I. Heyvaert, C. Van Haesendonck, and Y. Bruynseraede, Phys.
well described by the quadratic law. Furthermore, most tech-, ReV- Lett-70, 57 (1993,

. . . H.-N. Yang, G.-C. Wang, and T.-M. Lu, Phys. Rev.5B, 7635(1994.
nologically relevant sputtering methods require much Iess7E. Chason, T. M. Mayer, B. K. Kellerman, D. N. Mcllroy, and A. J.
erosion, thus these experiments and the entire process will be,,;4q. Phys. Rev. Let72, 3040(1994; T. M. Mayer, E. Chason, and
described by the quadratic laf#2). A. J. Howard, J. Appl. Phys76, 1633(1994).

(b) wgz>a: In this regime the yield decreases with,, 8R. Cuerno and A.-L. Bardlsa Phys. Rev. Lett74, 4746(1995; R. Cu-
following Y~1M2,, As the gradients of height variations emo, H. A. Makse, S. Tomassone, S. T. Harrington, and H. E. Stanley,
grow (corresponding to wider probability distributions of the _ibid- 75, 4464 (1995 _
height the regionR within which the ions contribute to ero- AL Barabai and H. E. StanleyFractal Concepts in Surface Growth
sion [which is defined by the effective cutoff in the energy 10:\;:a?bagssesn;\r']ZrSA'tYLP[::;&a?s;d%eﬁy??_in71 2800(1997
distribution fu.nction(Z)] at O decreases, thus decreasing theug \ gradiey and J. M. E. Harper, J. Vac. Sci. Technol 6A2390
average erosion rate. (1988.

A second important quantity characterizing the surfacé?y. Yyamamura, C. Mossner, and H. Oechsner, Radiat. 18 25 (1987.
roughnesg9) is the correlation length. Figure 3 shows the **Dynamics of Fractal Surfacgsdited by F. Family and T. VicseiVorld
secondary ion yield variations with As one can see, for Scientific, Singapore, 1991P. Meakin, Phys. Ref235 189 (1993; T.
W= ¢, the yield decreases with As Eq.(9) indicates, ag Halpin-Healey and Y.-C. Zhangpid. 254 215(1999.

i ; 4p_ sigmund, Phys. Re84 383(1969; J. Mater. Sci8, 1545(1973.
grows for fixedwg, andr, the widthw(r,¢) decreases, the 15M. A. Makeev and A.-L. Barals (unpublisheit

scaling function approaching the flat surface limit. Indeedasyy o makeev and A.-L. Baratsi, Appl. Phys. Lett72, 906 (1998.

the yield converges to the flat surface limit for large’  1"Note that the yield for a flat surface can be obtained from (Egjusing
Since for rough surfacés typically é=wg,, we expect that  P(x,y)= 8(h(x,y) —ho).

for the experimentally available sputtering conditions the'®we used a linear relation between energy distribution widtlasid « and
yield will decrease withé. An important consequence of Fig.  penetration deptla, i.e., 0=€;a and u=e,a. The coefficientse; =1/2

3 is that the flat surface approximation, used in all previous and e,=1/4 are chosen in such a way as to obtain an anisotropic energy

analytical and numerical analysis, can be applied only when distribution (Ref. 1.

AS . . A . .
>w.... However, we find that in the experimentally rel- The same mechanism for yield modifications has been discussed by Sig-
d sat P y mund(Ref. 14 and was used to describe the secondary ion yield changes

evant regionré=wg, there are con3|dera_1bl_e deviatioup to on rippled interfacesRefs. 16 and 21
more than 100%from the flat surface limit. 20K, Wittmaak, J. Vac. Sci. Technol. 8, 2246(1990.

In a typical experiment sputtering starts from a relatively2inote that a similar quadratic dependence on the width appears for yield

smooth surface, which then roughens by ion bombardment. changes on rippled interfacéRef. 16.
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