VOLUME 81, NUMBER 13 PHYSICAL REVIEW LETTERS 28 BPTEMBER1998

Ripple Wave Vector Rotation in Anisotropic Crystal Sputtering
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Surface morphology of a Cu(110) crystal, generated by ion sputtering, has been investigated by
scanning tunneling microscopy. Different from recent theoretical predictions and experimental results,
normal sputtering produces a well defined ripple structure whose wave vector rotateg0frbito
(110) by increasing the substrate temperature. Off-normal sputtering at low temperature (180 K)
generates ripples whose orientation depends on both ion direction and surface azimuthal orientation.
These results are described by a continuum equation which includes both surface curvature dependent
erosion terms and diffusion terms accounting for surface anisotropy and Ehrlich-Schwoebel barriers.
[S0031-9007(98)07159-2]

PACS numbers: 68.35.Bs, 61.16.Ch

Understanding of the formation of peculiar morpholo- obtained by sputtering Cu(110) for different values of sur-
gies during ion sputtering has received increasing interegace temperatur&s, ion beam directior®, and azimuthal
in the past years. Experimental studies on amorphous mangleé [see Fig. 1(a)]. The experimental data show two
terials [1,2] and semiconductor amorphized by ion bom+elevant results: (1) independently énnormal sputtering
bardment [3-5] show that off-normal ion sputtering at(é = 0°) induces a ripple structure which rotates by’ 90
room temperature generates a modulation of the surfadaey increasingl’s; (2) off-normal ion sputtering produces
(ripples). Depending on the ion incidence anglethe ripples whose orientation depends on béthndé.
ripple wave vector can be either perpendiculaciose to The experimental setup has been described elsewhere
grazing) or parallel{ close to normal) to the component [13,17]. The Cu(110) crystal has been sputtered by 1 keV
of the ion beam in the surface plane, while for normal inci-Ar* ions, for different values of the ion flusb and ion
dence(# = 0°) no periodic structures are present. ThesdluenceV, at temperaturd’s and subsequently frozen at
results have been theoretically explained in terms of & = 100 K. Afterwards, surface morphology has been
linear instability caused by the surface curvature dependemtbserved with an ultrahigh vacuum scanning tunneling mi-
sputtering, which competes and dominates the smoothingroscope. In Fig. 1 we show the results obtained¥fer
due to the thermal surface diffusion [6,7]. Onthe contrary0°, 6 = 0°, and differentTs. At the lowest temperature
in quite similar experimental conditions, ion sputtering onconsidered7s = 180 K), the surface is rough [Fig. 1(b)].
single crystal metals produces features that reflect the subor Ts in the range 250-270 K the surface morphol-
strate symmetry without any relationship with the ion bearmogy is characterized by a well defined ripple structure
direction: Square pits have been observed on Cu(001) [§wavelength= 20 nm) with the crests aligned aloi§01)
and Ag(001) [9]; hexagonal ones on Pt(111) [10], Au(111)[Fig. 1(c)]. A little increase in the sputtering tempera-
[11], and Cu(111) [12]; and ripples with crests orientedture(7Ts = 320 K) produces a degradation of this structure
along (110) on Ag(110) [13]. A recent paper [14] has [Fig. 1(d)]. If Ts is further increased in the range 350—
shown that ripple structures similar to those observed o860 K, a second ripple structutevavelength= 100 nm)
amorphous materials can also be produced by sputterirgppears [Fig. 1(e)], with the crests alofig0) (90° ripple
on Cu(110) at low temperature (180 K), showing that therotation). Finally, at higher temperatures a quasi-layer-by-
surface evolution results from competition between diffu-layer erosion is observed [Fig. 1(f)]. Similar results have
sion, limited at the step edges by a Schwoebel barrier, analso been reported on Ag(110) [13]. A wave vector depen-
erosion. dence on the substrate crystallographic directions is also

In this Letter we intend to clarify the characteristics of observed for off-normal ion incidence. In Fig. 2 we re-
this competition aiming to describe in a unified frame-port the surface topography of Cu(110) after low tempera-
work the origin of the various morphologies observed onture(Ts = 180 K) ion sputtering ab = 45°andf = 70°
metals. We propose to modify the continuum equatiorfor different values o. Independent ob, for 6 close to
proposed by Cuerno and Barabasi for amorphous sulgrazing incidencéd = 70°), the morphology is character-
strates [7] (in the following, referred to as the CB model),ized by a well defined ripple structure with the wave vector
including a term that takes into account the effect of ak perpendicular to the ion beam direction [Figs. 2(b), 2(d),
Schwoebel barrier on diffusion [15,16]. This model is 2(f)], similar to what is observed on amorphous substrates.
able to explain all of the features previously observed orOn the contrary, ion sputtering &t= 45° produces ripples
other metal surfaces as well as new experimental resultsith the wave vector parallel t6110) for all values ofs
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a)

FIG. 1. Five images [sizet00 X 400 nn? for (b) and (c),
while for (d), (e), and (f) size iS00 X 800 nn?] of Cu(110)
after ion sputtering at normal inciden¢é = 0°) for different
temperaturesTs: 180 K (b), 250 K (c), 320 K (d), 360 K
(e), and 400 K (f). ® = 0.09 ML/s, ¥ = 80 ML, and & =
0°. The inset (a) shows the experimental geometkyy, /)
represents the laboratory frame,is the normal to the flat
surface, while ion trajectories are assumed to lie in the

x-h plane. (or vacancy) mobility on a single crystal metal surface
is actually biased both in the vertical direction, by a
Schwoebel barrier at the step edges, and in the surface
glane, by a diffusion rate which, for (110), is different
along the two crystallographic directions. For Cu(110)
and in the simple case @& = 0° ((110) parallel to thex

axis [Fig. 1(a)]) the diffusion term has the following form:

FIG. 2. Six images (siz¢00 X 400 nn?) after ion sputtering
atTs = 180 K for 6 = 45° (a),(c),(e) andd = 70° (b),(d),(f).

The value of the azimuthal angle &= 0° in (a) and (b),
8 = 45°in (c) and (d), and = 90° in (e) and (f). The white
arrow indicates the ion beam direction.

considered [Figs. 2(a), 2(c), 2(e)]. This last result is com
pletely different from that reported on amorphous material
and amorphized semiconductors for which off-normal ion
sputtering withd = 6. (8. = 60° [6,7]) produces ripples
with wave vectors always parallel to the ion beam.

In a previous paper [14], the study of the scaling laws =~ _ *h P *h b a*h - 9h 1
characterizing the time and spatial evolution of the ripples 00152 110 5.2 001 54 10 5,4 1)
in the low temperature regime suggested that the presenc%1 - "
of a Schwoebel barrier, limiting the interlayer mass'/here all of the coefficients are positiveSo > 1 —

; A ; 001 andS;7p = 1 — Ry7p [16], whereRyy = e Esoor /KT
transport, could lead to a surface instability overcoming® 0 ;" oy 11O _ N
the one due to ion erosion. A similar explanation wasaNd Rip = e '™ are the ratio of the probability to
recently proposed by Murtet al.[11] to account for hop to a lower layer versus the probability to bound back
pit coarsening in sputtered Au(111). To explain theon the terraceDoo; = e~ Eowi/*T and Dy, o ¢ Erin/HT
present data and, more generally, the morphology of al6,18] whereEp,, andEp - represent the energy barriers
of the metal sputtered surfaces, we suggest modifying thier surface diffusion, respectively, alogg01) and({110).
diffusive term —DV?(V?h) in the CB model. In fact, Since in Cu(110) the activation energy for vacancy diffu-
this term describes only an isotropic diffusion on a flatsion is higher than the one for adatoms [19], as already

surface and does not take into account that the adatodtiscussed in Ref. [14], we limit ourselves to consider
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only the adatom mobility. In this casgs,, = 0.27 eV, the interlayer diffusion generated by the presence of a
Es. = 0.19eV, Ep,, =042 eV, andEp. = 029 eV  Schwoebel barrier at the step edges [21-23] while the last
[19]. Following Ref. [20] we have assumed a constantwo describe the diffusion on a flat surface [18,24,25].
prefactor for all of the atomistic processesl0'? s™!. With this change, the equation for time evolution/of

The first two terms in (1) account for the asymmetry |in[7] during normal sputtering® = 0°) becomes

ah oh 0%h 9%h A (OhNE Ay [ oh)2
— ==+ y— + (v, — S;7) — + - S —+AE,0V2h+—x(—>+—'<—>
o vo+ v oo (v 170) 912 (vy = Soo1) 0y |A(E, 0)] > Uax > Loy
9*h 9*h
Diio 5% = Door 02 + 7. (2)

The term|A(E, 6)|V?h has been suggested by Carter anhdAs a consequence the instability due Sy 0%h/9y>
Vishnyakov [26] to account for the smoothing effect duestarts to take on effectiveness to the detriment of that due
to the recoiling adatom diffusion induced by irradiationto —S,7,024/dx>. Thus bothx and y instabilities are

at a given energye, while the coefficientsy, v, andA  present and the surface is characterized by rectangular
depend on ion fluxp, and deposited energy distribution mounds randomly arranged [Fig. 1(d)]. For sputtering at
[see Eg. (5) of Ref. [7]]. Similar to what is discussed T's = 350 K, only interlayer motion in th€001) direction

in Ref. [7], a Laplacian term with a negative coefficientis inhibited [Ropo; = (5 X 107%)R,5,], and the surface
leads to a ripplelike instability, in the time evolution of shows a ripple structure wittk along they direction

h, characterized by a wave vectéroriented along the [Fig. 1(e)]. Finally if Ts = 380 K, adatoms can also
direction (¢ or y) for which the absolute value of the overcome the second step edge barrier and the smooth-
coefficient of the Laplacian term is the largest one. As dng effect due to the fourth-order terms in (2) prevails
consequence, when Eq. (2) holds, the surface morpholod¥ig. 1(f)].

will be determined by a competition among the two Foroff-normal sputterindd # 0°) at7s = 180 K (see
roughening terms,, — S,79, ¥, — Soo1 and the smooth- Fig. 2) we can negled(E, 6)|V>h (|A(E, 6)| decreases

ing onelA(E, 0)|. Since theS coefficients, contrary te  rapidly to zero with increasing [26]), Doo1, and Soo;
and A, are temperature dependeffiy, determines which (since at low temperature diffusion is prevalently acti-
term dominates among the three. At the lowest temvated along(110)). Thus we can write (2), in the case
perature(Ts = 180 K) D 7,/Doo1 = 4 X 103, implying  of § = 0° (i.e.,(110) parallel to thex axis), as

that adatom diffusion is activated only alokgl0), and 2 2

S oh 0°h 0°h
as a consequendey,; andSy; have a negligible effect. — = —py + y o + (vy — Si70) Fy + v, Fy
Thus, the previous three terms become— S,7,, v, and * * Y
|A(E, 6)|. Experimental data for sputtering at this tem- Ax (%)2 Ay <%>2 _ D *h N 3)
perature show a nonperiodic surface [Fig. 1(b)] charac- 2 \ox 2 \ay o gys T 1

terized by a low valug(=4 atomic layery [14] of the
roughnessW (defined as the rms of the local height
[27]). Both of these results indicate a predominance o
the smoothing term. Fofs = 250 K the diffusion rate
along (110) increases +D,7,0*h/0x* term) and thus,
with respect to theTs = 180 K case, the number of
adatoms that try to diffuse to a lower layer is multiplied
Hoever wherts = 10+ the adatom thermal energy (001 alined alongs axis) when (3) becomes
is not large enough to allow interlayer diffusion. Adatomsdh oh L 9%h 0%h

that reach a step edge rebound back on the terrace prg; 0 T Y 5 T (vy = $i10) ay2 T s

ducing an uphill current some order of magnitude bigger e (oh\E A LR \2 9*h

than the one that occurs & = 180 K (—S,700%h/9x?). + = (—) + =2 <—> —Dijy—— tn.- 4

In the continuum equation this effect is represented by the 2 \ox 2 \dy 9y

predominance o¥, — S;7, on the temperature indepen- Now the surface morphology is related to the competition
dent termsA and»,, generating a surface instability with between the, — 7, andv, coefficients. Fop = 70°,

k parallel to thex direction [Fig. 1(c)]. At higher tem- beingr, — S5, < 0 < »,, k is parallel to they direction
peratures(300 = Ts = 320 K) D;1o/Doo1 = 200; as a similar to thed = 0° case. On the contrary, a new effect
consequence adatoms also begin to diffuse ak®od) can be observed foé = 45°. In fact, althoughy, <
and, being Es. + Ep; = Ep,, [19], overcome the 1, <0, if Sq, is large enoughly, — S7,| can be larger

110

Schwoebel barrier for the interlayer motion alo¢ig0).  than|v,|, leading to a ripple structure withagain parallel

Surface morphology will how be determined by the
ompetition betweerv, — S;7, and v,. For § = 45°,
eingv, < v, <0 [7], k is parallel to thex direction

[Fig. 2(a)]. On the other hand, fat = 70°, v, < 0 <

v, [7] and, sincek turns out to be parallel to the

direction [Fig. 2(b)], we can infer that, < v, — S;7,.

Completely different results are obtained f®r= 90°
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