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lon Bombardment

STM Image

Black spots = craters
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MM, M. Navez, €. Serra ct MiUe D, CiaprnroT

1962

PLANCHE L

Fig. 1. — Canon i ions.
Fig. + 4 0.~ Surfaces de verre bombardees sous 10° (fig.
sous o2 (flg. 6), sous 3% {fig. | et 3) et sous So® (fig. o).
{Les fleches indiquent la direction du faisceau Jonique.}
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lon sputtering dévelops surface
morphologies which are ecither
RIPPLE ( per:odtc ) or ROUG’H

The evolution of surface morphology during
sputtering is the result of a balance between
roughening and smoothing processes.

Stochastic addition or removal of material tends
to roughen the surface, while transport driven by

surface enerqgy minimization +ends to smoothen

+he surface.
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The curvafure—dependenf effect
results from the fact that power
deposition which causes sputtering

is maximized below the surface.

lons incident on a peak are likely
to sputter atoms from the neighboring
slopes. while ions incident on @ +rough

are likely to sputter atoms near the

trough

2 nm
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FIG. 2. Phase diagram for the isotropic case o = g = 1.
Region 1: v, <0, v, <0, A, <0, A, <0, region Il ¥, < 0,
v, <0, A, >0, A, <05 region 1L v, > 0, », <0, A, >0,
A, < 0. Here a is measured in arbitrary units and 6 1s
mecasured in degrecs.




o)
-

VOLUME 72, NUMBER |9 PHYSICAL REVIEW LETTERS 9 Max 1994

Roughening Instability and Evolution of the Ge(001) Surface duriag lon Sputtering

E. Chason, T. M. Mayer, B. K. Kellerman, D. T. Mcllroy, and A. J. Howard

Sandia Nationa! Laboratories, Albuquerque, New Mexico 87185
{(Received 2! January 1994)

We have investigated the temperature-dependent roughening kinetics of Ge surfaces during low cner-
gy ion sputtering using energy dispersive x-ray reflectivity. At 150°C and below, the surface is amor-
phized by ion impact and roughens 10 a steady state small value. At 250°C the surface remains crystal-
linc, roughens exponentially with time, and develops a pronounced ripple topography. At higher temper-
ature this exponential roughening is siower, with an initiai subiinear time dependence. A model thal
contains a balance between smoothing by surface diffusion and viscous flow and roughening by atom re-

maoval explains the kinetics. Ripple formation 15 a result of a curvature-depeadent sputter vield.
- T e e T T e i

64f {a)

Mm Surface diffusion is the primary

smoofhing mechanism on crysfalline

surfaces while viscous flow is

LT %l dominant for amorphous surfaces

A A5 18 55 20
S atter Tire (104s)

Surace Roughness (nmy)

FIG. 1. Ge surface rougheming kinctics al substrute tempera-

tures of {a) 350°C. (h} 250°C, and {c) 150°C  The on beam 7.5 nm ———— B --

is | keV Xe with o flun of 3.2% 10" cm “¥s 7! Solid lines are lf‘w‘ A . o (3)|

the results of model culculations hased on Eq. (5] { v ‘E !' \‘ ! “( o | | :

The model of the surface T
Bala 1 2 um

evolution includes a

curvafure——dependenf roughenimg

term and surface transport

processes which smoothen

the surface. The roughening

o

process leads to a surface o -

FIG 3 {a) AFM line scar and (b} topogruph of Ge surface

fns-fdbll!'f'y Wh,Ch 'FCIVOFS after | keV Xe on bombardment ut 363°C. Sample was sput-
lered for 370 min with an incident fux of 48107 em 73570

'H’)Q exponeﬂ'f'fc,‘l grow‘f‘h Of The solid fine in tb) indicates the incident direction of the 1on

weam and the dreection of (he line sgan in (u),

a selected fcmge of spcr’ric/ 3041

frequencies
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'Ripple formation on amorphous carbon
Experiment :

EAEklund R Bruinsma, J. Rudnick,
RS Williams PRL 67, 1759 (1991)

Theory:

VOLUME 78. NUMBER 13

PHYSICAL REVIEW LETTERS 31 MarcH 1997

Simuiations of Ripple Formation on Ion-Bombarded Solid Surfaces

I. Koponen,* M. Hautala," and O.-P. Sievinen
Nepaernear of Phosice Piiversite of Helsinki P.O. Bor 9 FIN-O00[4 Helsinki. Finland
(Received 7 October 1996}

Ripple formadon on amorphous carbon surfaces bombarded by 5 keV Ar ions is studied by atomistic
simulations.  Sputtering is treated in detml by simulating the entire collision cascades originated
by the bombarding Ar fons. Surface relaxation is descrbed by 3 Wolf-Villain-type discrete model.
Ripples and wavelike parterns are obsenved 1o emerge on the surface. The ripples have a well-defined
wavelength and the onentauon of the wave crests changes from normal to paraile to the beam. when
the angle of incidence is increased from 20° to 60°, respectively. The wavelength is found 10 depend
on the magnitude of the diffusion and orientation of the beamn us predicied by the continuum theorics.
[SON3T-9007197 K12870-6)

PACS numhers. 79 20R1. 64 60.Ht, 68 35 B3

The model is based on an
irreversible jumps of
atoms guided

by the rule to maximize
the bonding

or the number of the

Fnear'esf neighbors. o
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PHYSICAL REVIEW LETTERS 11 DECEMBER 1993

e ———

Stochastic Model for Surface Erosion via lon Sputtering: Dynamical
Evolution from Ripple Morphology to Rough Morphology

Rodolfo Cuemo.' Hernan A Makse.! Sifvina Tomassone,- Stephen T Harmngton. H. Eugene Stantev’
!

CCanser for Falvmer Stdies and Pitvsics Deparmmens, Broton e Boston, Massaeane oy o
Tpivsucs Department, Northeastern [ eram, Bosion, Massaciuseris ulpic
(Recerved 15 July a5
Surfacss ciaded by 1on sputtenng are sometimes vtsersad o devedp mereackhgies which are ato
ninple penodicr or roush fnonpenodict. We mtroadues 3 Jiwreie dechastie mrodel bt ks us o
interpret these experimental observanans withya 4 unified framework e o that ¢ penodie e
merphvlogy chsractenses the pitial stages of the evotutien, wherzas the aurface Jdisplays weit-arhne
seahing 10 the faler e egimc Further, we arsle thal the sieshastic SUBnHnUNm cgaanon Juserthee

=St AInaky enuanan.
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[SEhame

steel pipe connected
to a vertical movement
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Cu sample holder

Al ramp

Cu braid

central piezo
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external manipulator
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steel stack
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PiivsiCar, REVIEW
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An useful quantity to characterize the
interface is the roughness W

W= \/<(h(r,t)—- i) )

where h(r,t) is the height of the interface
h is the averaged height

For a self-affine system

W oc L® o is the rough exponent
W « t P B is the growth exponent




Roughness (atomic layers)
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Roughness as a function of temperature
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Continuun eqgualion

Replace the isotropic diffusion term  — DV NS

M? ﬂv blbﬁ dv\\h

for each crystallographic direction n with

S o 1-R R = probability of descending a step QL”.,,.:E«\\_ . .. Schwocbel barricr along n
" probability of bounding back S,

diffusion energy barrier along dircction n

D e Foul®T diffusion coefticient along direction n E

A

1)

"

In linear approximation:

oh oh (oo oth_p, O
.WMHI«.O.T,«%,*T» rw:ov@x A Son) 0y TNAH @v_mm&\N D%M&'ID::@@ o
0 / :

|®H|<c+<.®w+<e@ >+< O0*h I ?3.4 h—SVh—DV'h+y

ot o oyt ot

recoiling adatom diffusion induced by irradiation term T;m @xﬂ \\N G Carter and V. Vishnval
- Carte . Vishnyakov

Phys Rev. B 54, 17647 (1996)

| h\h, D¢ Danandce nn the enerav dictrihntian and the incidencs anole



Anisotropic surface diffusion



Cu(110),0 = 0°
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Cu(110) T=180K
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Atomic displacement term

Anisotropic surface diffusion

P

Schwoebel terms
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Time evolution of roughness and ripple
wavelength

T=180K,0 =45° 6 =0°® = 0.09 ML/sec
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The Waveiengﬂ: grows as A oc %% with
the same scaling law observed in MBE
growth when a Schwoebel barrier is present
cfr. Fe/Fe(001) , Cu/Cu(001)

in sputiering process the presence
of a Schwoebel barrier is important
to dstermine the final morpnology



—

n~

e

-







|

= ¥ PR



= Pt(111), Michely & Comsa (1993)
— Cu(11!), Naumann et al. (1997)
— Cu(001), Ritter et al. (1996)

= Fe films , Krim et al. (1993)

This difference is due to the prevalence of the
smoothing terms (i.e. diffusion terms) and then
it should be possible to induce a ripple structure
by lowering the temperature
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Figure 1
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