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X-Ray Scattering Study of the Surface Morphology of Au(111) duringAr* lon Irradiation
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Using real-time x-ray scattering to measure the surface morphology of Au(111) during sputter erosion
with 500 eV Ar* ions, we observe three distinct regimes: three-dimensional rough erosion G0 20—
quasi-layer-by-layer removal at 12020 °C, and step retraction abo280 °C. Sputtering at 2060 °C
leads to pattern formation with a characteristic spacing between features. The average separation
between features increases with timeconsistent with a power law ~ (%2092 The observations
are consistent with the predictions of a continuum modeldepositionwhich includes an Ehrlich-
Schwoebel barrier to the interlayer diffusion of surface defects. [S0031-9007(98)06122-5]

PACS numbers: 68.35.Bs, 61.10.Eq, 61.80.Jh, 79.20.Rf

lon beam sputtering is frequently employed for pat-sputtering is observed, while step retraction is observed
terning of surfaces, surface cleaning, and depth profilingabove270 °C.
Sputtered surfaces display a variety of morphologies de- The x-ray scattering experiments were performed with
pending on the sputtering geometry and the surface detO keV x rays at the Cornell High Energy Synchrotron
fect kinetics. A ripple pattern was observed on S&nd  Source (CHESS). The chamber base pressure was less
Ge(001) with 1 keV Xé ions incident af5° with respect  than5 X 107! mbar. The Af ion energy was 500 eV,
to the surface normal, and was attributed to the curvaturand the ions were incident at5° with respect to the
dependence of the sputter yield [1,2]. A similar patternsurface normal. The background pressure of Ar was
on Ag(110) formed by Af ions (energies> 800 eV) at  1073-10"* mbar during AF ion irradiation. Tempera-
normal incidence was ascribed to the anisotropic diffusioriures in the 100220 °C range were measured with an
of surface defects [3]. On the other hand, sputtering ofnfrared pyrometer, and temperatures outside this range
Cu(001) at room temperature with 400 eV*Aions [4], with a thermocouple calibrated against the pyrometer.
Pt(111) at352 °C with 600 eV Ar" ions [5], and Ge(001) The Au(111) single crystal, with a miscut of less than
at 295 °C with 240 eV Xe ions [6] led to a pattern of 0.1°, was prepared by sputtering and annealing5at°C.
pits and mounds. Our goal in this work is to investigateNo contaminants were detected on the freshly prepared
the scaling behavior of parameters that characterize theurface using Auger electron spectroscopy. Low-energy
surface morphology during ion irradiation. The study ofelectron diffraction (LEED) from the surface, performed
dynamic scaling can elucidate the dominant rougheningn a separate chamber, showed feXx /3 reconstruc-
and smoothing mechanisms on the surface. Compared tmn on the well-annealed surface [9].
thin film growth, few studies have investigated scaling re- In situ x-ray scattering was performed using a custom
lations during sputtering [6,7]. diffractometer [10]. The experiments described below

In this Letter, we report results from real-time x-ray involve real-time measurements of the specular beam
scattering measurements of the evolution of surface moiintensity and off-specular diffuse scattering in transverse
phology during erosion of Au(111) with 500 eV Ar scans through thé) 0), truncation rod. The subscript
ions. We observe three-dimensional rough erosion atex refers to the description of the fcc crystal using
20-60 °C, marked by the formation of features with a hexagonal lattice basis vectors [9]. In the following,
characteristic spacing. The average separatiaf the  andg refer to the normal and in-plane components of the
features evolves with time, consistent with a scaling scattering vector, and is the spacing between adjacent
relation I ~ (227002 The aspect ratio of the features, (111)..pic planes in the bulk. Real-space directions are
assumed to be close packed [5,6], remains nearly cornndicated in the conventional simple cubic representation.
stant as they evolve. The observations are consistent Figure 1(a) shows the normalized specular beam in-
with the predictions of a continuum model foieposi- tensity at the(0 0 1.44),.x position, close to the anti-
tion which includes an Ehrlich-Schwoebel barrier [8] to Bragg[(0 0 1.5)nex, g1 d = 7] position, during Af ion
the interlayer diffusion of surface defects. At intermedi-irradiation on Au(111). Three distinct sputter regimes
ate temperatures, from 12020 °C, quasi-layer-by-layer were observed. A270 °C, the intensity stays essentially
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Specular sentially independent of, in the rangeq,d = 0.127
Beam | i to 0.257r, showing that these peaks are not due to specu-
Tntensity 20c lar reflection from facets. Figure 2(b) shows contours of
2 _.._..\ ......................................................... o .............. constant intensity in the diffuse Scattering over an az-
W c imuthal range ofl20°. The satellite peak forms a ring
i (Henzler ring [17]) around the specular beam, and its ra-
\ 35°C dial position is nearly independent of azimuth, ruling out
L e a pattern of unidirectional ripples as observed in Refs. [1-
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FIG. 1. (a) Normalized specular beam intensity at the L
(0 0 1.44),, position during sputtering at different tempera- (@)

tures. The data at different temperatures are offset vertically

for clarity. (b) Normalized specular beam intensity during

a sequence of growtHG), simultaneous growth and ion

irradiation(G + I), and ion irradiation alon€). (2710) hést

constant, indicating material removal by step retraction.
At 145°C, we observe intensity oscillations, suggesting
quasi-layer-by-layer removal [11]. The intensity oscilla-
tions are caused by the nucleation, growth, and coales-
cence of two-dimensional islands of surface vacancies.
The amplitude of the oscillations decays rapidly, suggest-

ing imperfect layer-by-layer removal. Such layer-by-layer [T10] cupic
removal with energetic ions has been previously observed SYM <,
on Pt(111), Si(111), and Si(001) [13,14] and in STM stud- @@@% J
ies on Au(111) [15,16]. 59w @@

Sputtering aB5 °C results in a rapid decay of the specu- @%@@ @)
lar beam intensity at the anti-Bragg position, as shown _ @@@@@O
in Fig. 1(a). Off-specular diffuse scattering observed in (010) pex 2@_“@%@/@?
transverse scans through tt@0 0.18),.« position gives i
information about the positional and orientational corre- {b)

lations between surface features. Figure 2(a) shows theG. 2. (a) Off-specular diffuse scattering in transverse scans
scattered intensity vg), takenduring Ar* ion irradia-  through (0 0 0.18),x during 500 eV AF ion irradiation at
tion at 35°C. The sputter rate was40 s/ML, and the 35°C. The scans have been offset vertically for clarity.

ions were incident along an azimwh® from the surface () Contours of constant intensity (equal increments on loga-
rithmic scale) over a range of azimuthal angles spanniz@f

(110)cubic @xis. The asymmetry in the reflectivity curves gger removal of~70 ML.  The specular peak is not shown.
at early times is due to the rapidly changing dimensionRadial scans were taken at intervals IéF in azimuth. The

of surface features during a single scan, which took abouatellite peak appears at approximately the same radial posi-
three minutes. Scans taken after removal of 5 monolayei®n at all azimuths. The Henzler ring has local maxima along

; ; (010)pex and (110),,.« directions. Inset: Schematic of the sur-
(ML) were approximately symmetric abo(lt 0 0.18)pex. face covered with pits (shaded) and mounds with orientations

Satellite peaks on gither side of the specular peak indi|’ndicated by the x-ray and LEED measurements. We note that
cate a characteristic lateral length scale on the surfacge Iocal order is exaggerated and that there is a size distribu-

The position of the satellite peaks was found to be estion of objects on the surface.
4714



VOLUME 80, NUMBER 21 PHYSICAL REVIEW LETTERS 25 My 1998

and (110),.x directions indicate that vectors joining the Length 5o -
centers of nearest neighbor objects are more likely to lie 0 20°C, 140 s/ML
along surface(T10)upic directions [see Fig. 2(b) inset]. ~ Scale ¢ « 35°C, 140 ML
We performed LEED measurements of Au(111) irradiated (nm)

with 500 eV Ar' ions at room temperature and observed

streaks consistent with small facets. This LEED obser-

vation is consistent with STM observations of vacancy 20
islands bounded by110)..pic Steps on an ion irradiated
Au(111) surface [15]. The x-ray data are consistent with
the surface being covered with three-dimensional pits and
mounds [5] shown schematically in the inset in Fig. 2(b).

4 60 °C, 140 s/ML
= 35°C, 210 s/ML

The satellite peaks move to smallgf as sputtering 10
continues, indicating a separation between features that 0.0 . .
increases with time. This can occur through the coales- ! 0 g
cence of neighboring features as they grow. In view of ' ' '
the sharpness of the satellite peaks, we make a simple 1 10 100

estimate of the average separation between features from
| = 47 /8q), whered g is the separation between satel- Layers Removed & (ML)
lite peaks. Figure 3 shows the variation bfwith the  FIG. 3. Variation of the average separatidnbetween pits
number of monolayers removed for three different subwith the number of monolayers removédfor three different
irate femperatures at a spute raeaf /ML and o SUUSIaL eperres, WO L g o een spter
two different spgtter rates 86 °C. Over the_ range of our the data (only points after removal of 10 ML were considered
data, the evolution of the average separation between fegr the fit) and given = 0.27 = 0.02. Inset: Variation ofw/!
tures is consistent with a power laiv~ 1%?7=002 We  as a function of the number of monolayers removediC,
note that only data taken after removalsfl0 ML was  wherew is the interface width.
considered for the fit. For the same ion dose, the length
scale is seen to increase with temperature. This is exXsarrier for vacancies can give rise to pattern formation
pected due to the longer diffusion length of a surface vaduring sputtering. There are at least two other mecha-
cancy at the higher temperature (or, similarly, to the fastenisms that can give rise to the observed pattern during
rate of detachment and diffusion of adatoms to fill a sursputtering. The firstis a vacancy-step attraction [25]. The
face vacancy). A similar argument explains the longemther, with adatoms as the mobile species, is an Ehrlich-
length scale observed with the lower flux 28°C. A  Schwoebel barrier for thermally generated adatoms to fill
guantitative analysis of the observed line shapes, using vacancy. The present measurements do not distinguish
a distribution function of feature sizes and separationshetween the various mechanisms.
yields the same coarsening exponent and is the subject of In the context of sputtering, the continuum model in
a separate paper [18]. Ref. [8] expresses the rate of change of heightat
A measure of the aspect ratio of the surface features point on the surface in terms of (a) the downhill
assumed to be close packed [5,6], is the ratio of interfaceurrent j, of surface vacancies driven by the Ehrlich-
width w to the average separation between featuresSchwoebel barriefV - j;), (b) a noise term describing
The interface width can be estimated frohlg,) = the random production of vacancies, and (c) a surface
Io(q 1) exp(—gi w?), where I(¢,) and Iy(g.) are the diffusion-mediated relaxation terW44). The coarsening
specular beam intensities on the etched and the startirexponent of 0.25 requires atom detachment from steps to
surface, respectively [19,20]. The inset of Fig. 3 showsoccur at a sufficiently fast rate so that tRén term is
the evolution of the ratiov// as a function of material significant in relation to the other terms [21,26]. In our
removed at35°C. The ratio very quickly reaches a experiments, when ion irradiation was stopped, significant
value of =0.025 and stays nearly constant throughoutsmoothing of the surface was observed on the time scale
the sputtering time. Thus the features maintain a nearlgpf the removal of 1 ML [27]. Hence, atom detachment
constant aspect ratio as they evolve, often taken térom steps plays a significant role in the evolving surface
indicate slope selection for the sides of the pits andnorphology during sputtering. The observation of slope
mounds [21]. selection suggests that there is an uphill current to balance
The coarsening exponent 0f27 = 0.02 is close to the downhill current of vacancies at the selected slope.
the predicted value of 0.25 in a continuum model forAn uphill current can arise from surface relaxation driven
mound formation in molecular beam epitaxy (MBE) [8]. by line tension [26] or from a transient mobility of
An Ehrlich-Schwoebel barrier to the interlayer diffusion vacancies after an ion impact. In the latter mechanism,
of adatoms can give rise to mounds with a characteristithe energy deposited in the lattice by an ion incident
spacing in MBE [21-24]. In an analogous way, but withnear a step edge can lead to an enhanced hopping of
vacancies as the mobile species, an Ehrlich-Schwoebghcancies (and adatoms) across the step edge. Such
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