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The present paper focuses on the analysis of grazing incidence small-angle x-ray scé®hgS) of
islands on a substrate. Getting accurate morphological parameters relevant for the elaboration process, i.e.,
growth curves, island equilibrium shape, and interfacial energy, implies a quantitative data analysis. The
emphasis is put on the island form factor, i.e., the Fourier transform of the island shape. It is shown that the
island shape and size can be obtained through the island symmetry, the presence of island facets, the
asymptotic behavior at high momentum transfer for large polydispersity, and the zeros or minima of the
intensity for small polydispersity. The specificity brought by the grazing incidence scattering geometry is
highlighted by a careful comparison between the Born approximation and the more accurate distorted wave
Born approximation. The interplay between the form factor and the interference function is all the more
important in the total scattering intensity when incoherent diffuse scattering comes into play at small momen-
tum transfer for disordered systems. Getting rid of these interpretation difficulties requires accurate measure-
ments of the scattered intensity far in the reciprocal space. This analysis methodology is illustrated through
recently acquired GISAXS patterns during thesitu molecular beam epitaxy of Pd nanoislands on Ng@)
single crystals for different thicknesses and temperatures. The morphological parameters obtained agree very
well with subsequent transmission electron microscopy-results. Finally, GISAXS diffuse scattering has been
shown, originating from the growth-coalescence process and from the size dependence of the island capture
area.
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[. INTRODUCTION either islands on a substrate or buried partiéiésThe
GISAXS ability to characterize granular multilayered
The past few decades have been marked by the study sfystem$ and implanted systentsas well as semiconductor
materials on a nanometric scale, such as deposited layemgantum dots obtained by molecular beam epitdMBE) or
multilayers, and more recently clusters, aggregates, ankijuid phase epitaxy, is now well establish®Recent de-
nanosized materials. These nanomaterials often have intevelopments consisted in GISAXS measurements performed
esting macroscopic properties, electronic, photonic, magn ultrahigh vacuum(UHV), in situ, during MBE, and with
netic, or catalytic, which are intimately linked to their inter- no scattering element between the undulator synchrotron
nal structure and their morphology. In this context, manyx-ray source and the detector, thus yielding a very high sen-
techniques have been developed to characterize their strusitivity and background-free dafaThis provides data ex-
ture and morphology. The most widely used are imagingending far away in reciprocal space with intensity variation
techniques such as transmission electron micros€opm) over several orders of magnitude, thus evidencing many
and near field microscopies like scanning tunneling microsGISAXS features that could not be revealed in previous mea-
copy (STM) and atomic force microscopy. If these tech- surements. For this reason, precise quantitative analysis can
nigues most often provide the required information, it maybe performed, as will be shown in this paper. In particular,
be advantageous, in some cases, to complement these réda GISAXS technique has been used to charactdriztu,
space imaging techniques with x-ray measurements. Indeednd in UHV, the growth of metal/oxide interfaces, like Pd
X rays present several advantages. First, an averaged stafisiands on Mg@001),>*° and the self-organized growth of
tics over the whole sample is performed, thus sampling in th€o clusters on the herringbone reconstruction of thelAl)
same way as for the macroscopic properties of interest. Isurfacet
addition,in situ and real time experiments can be performed In order to get accurate morphological characteristics of
in various environmentgfrom ultrahigh vacuum to high the islands, it is extremely important to carry out a precise
pressure gasgg-inally, because of the variable probed depthquantitative GISAXS analysis. The purpose of this article is
as a function of the incident angle, x rays can characterizéo show how a two-dimension&2D) GISAXS pattern can
surface morphology as well as the roughness of buried intebe precisely analyzed to deduce the average interisland dis-
faces. Thus, the grazing incidence small-angle x-ray scattetance, island shape, size, and size distributions. First, the
ing (GISAXS) technique has emerged in the last decade as general expression for small-angle scattering by islands is
powerful tool to analyze the morphology and distribution of recalled within the Born approximatidiBA). It is made of a
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coherent term, plus an incoherent scattering term due to the
presence of the size distribution and possible correlation be-
tween the islands. The coherent term is the product of the
square modulus of the mean island form factor and of an
interference function, which are, respectively, the Fourier
transform (FT) of the island shape and that of the island-
island correlation function. Next, the two usual approxima-
tions to evaluate the incoherent scattering are introduced: the Substrate

decoupling approximatiofDA), assuming no island correla- . o
pling app (DA) 9 FIG. 1. Scattering geometry of GISAXS. The incident x-ray

tions, and the local monodisperse approximatioMA ), as- et .
. . . . beam(wave vectork;) impinges on the surface at a grazing angle
suming full correlation between island sizes at a scale corre-

: . i with t to th f d with in-pl levith
sponding to the coherence length of the x-ray beam. Sincg! W' feSPEC 10 The suriace and with an in-piane anfglevi

. . L %spect to a chosen axis linked to the sample and parallel to the
GISAXS is .p.erformed under. grazing incidence apd emer'sample surface. The transmitted and reflected beams are not repre-
gence conditions, the evaluation of the form factor in the B

o=, ; . X . ~"sented here. The sample can be rotated around its surface normal.
is inadequate. Thus the intensity expression obtained withigpe scattered intensity is recorded on a plane as a function of the

the distorted wave Born approximatiQBWBA) is recalled.  exit anglea; with respect to the surface plane and of the in-plane
This latter involves the coherent interference between fougngie g, . The momentum transfer is denotget (a0, ,d,)-

scattering patterns, in a way that is very sensitive to the exact

value .of the incident angle. This additional complexity is (4. «;). In a similar way, the scattered beam of wave vector
then discussed. The form factors are evaluated and compargd is defined by the in-plane and out-of-plane angles

for several simple island shapes: cylinder, totally or partially( ¢, «;). The momentum transfer is defined gs k;—k;
emerging sphere, and complete or truncated fourfold pyragnd can be expressed as
mid. Information on the island shape can be obtained from

the island symmetry probed by a sample rotation around its cog a¢)cog 6;) — cog a;)cog 6;)
surface normal and from possible island facets shown by q=—| coga)sin(6;)+coda;)sin(g) |, (1)
scattering rods. Furthermore, inspection of the intensity zeros sin(ay) +sin(«;)

or minima may be of great help to determine the average
size, at least when all islands are nearly identical. Neverthewhere\ is the x-ray wavelength.
less, the islands are in general polydisperse and present a size
distribution, in which case the above criteria are not suffi- B. Scattered intensity
cient. Then we show that the asymptotic behavior may allow
precise determination of the average shape. In concentrated
systems, the GISAXS pattern is strongly affected by the in- First, let us consider the intensity scattered by an assem-
terference function, which thus has to be properly evaluatebly of islands whose positions and shapes can be statistically
for quantitative analysis. The usual theoretical or phenomdefined. The scattered intenslt{q) is the sum of a coherent
enological pair correlation functions are shown to yield in-term and an incoherent org*
adequate interference functions at very small antfles.
Hence, for the present Pd/M¢@1) case, the island-island _ =2 —ig-r
pair correlation functioand then the interference function 1(a)=S(qy) % [F(a)] +% d(g)xe dm(2)
has been directly evaluated from TEM plane views of the ) ] ) )
deposits. We also show that the interisland distance canndfhere S(gy) is the 2D interference function of the island
be determined directly from the total scattering intensity anc2SSembly” It is the FT of the island position autocorrelation
can only result from a complete quantitative analysis. Fi-function. The overbar ofr(q) denotes the spatial averaging
nally, we show some incoherent diffuse scattering located f F(d). In Eq. (2), F(q), the island form factor, is the
small momentum transfer, which cannot be accounted for bjtmplitude scattered by an island of voluivieand electronic
the usual DA or LMA. It is shown to originate from corre- densityp irradiated by the incident beatfi.in the BA, it is
lations between island sizes and separations, and is evaluat@tyen by the FT of the island electronic density:
from TEM plane views.

This GISAXS analysis procedure is finally applied to 2D F(q):J p(re iargy. 3)
GISAXS measurements performed on four Pd/M@@) de- v

osits formed at different temperaturésb0, 650, and 740 L . .
E) and for different thicknesso.pl, 0_9,%, and 3.0 nm The ®,,(q) coefficient in Eq.(2), describing the correlations

between island sizes, is given by

1. Small-angle scattering by islands on a substrate

Il GISAXS THEORY Do () =[Fn(@) —F(DI[Frsm@—F(@I*", (4

A. Grazing incidence geometry where then superscript denotes the average over all islands

The grazing incidence geometry is shown in Fig. 1. Theand F(q) is the form factor of the island. The function
incident x-ray beam is characterized by the wave vekfor @.,(q) is a measure of the correlation between the scattering
=(k;;,k;,) defined by the in-plane and out-of-plane anglesamplitude of two islands separated by a vectgr The sum-
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mation over®,(q) in Eqg. (2) yields the incoherent diffuse
scattering arising from such correlatioffsTwo approxima-
tions are commonly used to evaluate this incoherent scatter-
ing.

a. DA For systems with small polydispersities, the DA is
appropriaté>!° It supposes that the nature of the scatterers
and their positions are not correlated, so that the partial pair
correlation functions depend only on the relative positions of
the scatterers, i.e®,(q) =0 for m#0. Only them=0 term
remains:

log(l) (arb. units)

Do(q)=|F(a)[>~ [F(q)|% (5)

b. LMA For polydispersed systems, the LMA is com-
monly used. Ne|ght_)or|ng islands are assumed to have the FIG. 2. Out-of-plane GISAXS intensitffogarithmic basisfor a
SameNS{]sape a.md SI.Ze’. over the QOherem area of th,e X'r%¥linder (H=5nm) as a function ofx;/a. and até;=0. Filled
beam: The_mtensrty is thus the mc_oherent summgtlon_ofsquares' DWBA for; = a, : triangles, DWBA fora; = 2a ; open
that of monodisperse subsystems weighted by the size d'Str&rcles, DWBA for &, = a/2; continuous line, BA.
bution. The intensity originating from one monodisperse do-

maini is

the substraté® In this GISAXS study, the reference system
Li(a)=Si(q)X|Fi(q)|? (6) for the DWBA is the bare substrate, although it might be
useful to take into account the surface roughness induced by
%he islands in the form of a Debye-Waller factor for the
Fresnel reflection coefficienfs.
- The form factor within the BA is given by this relation
(@)= li(a)~S(q)X|Fi(a)]%, (7)  with R(a;)=R(a;)=0. Hence, the BA is valid only when

' the Fresnel reflectivities are negligible, which is the case
assuming that the same interference function holds for all thevhen «;; and o are much larger than, .
domains. Note that the DA and LMA are equivalent at large The scattered intensities evaluated within the BA or the
q, as thedy(q) term then decreases toward zero. DWBA may differ widely. As an example, both intensities
are compared along the perpendicular direction in Fig. 2.
Due to the multiple scattering effects, the intensity displays a

GISAXS is generally performed with the incident angle sharp increase fow;~ «.. Moreover, the BA intensity has

a; near the critical angle for total external reflectiag in deep minima as opposed to much slighter minima obtained
order to minimize the bulk scattering and to increase surfaceithin the DWBA. For a;=a, or a2 (2a;), the minima
sensitivity*® At these low angles, the surface acts as a mirroobtained within the DWBA are shifted toward larger
and multiple scattering effects come into play leading to thgsmalley exit angles with respect to those obtained within
inadequacy of the BA. Briefly, the DWBA is an extension of the BA. Figure 3 represents the square modulus of the four
single scatteringBA) through 2 perturbation treatment of terms of Eq.(8) versusa;/a. for e;=a., 2., and a /2.
the |sl.and'—|nducgd rogghne@s? Hence, a very dlffergnt eX- For a;=a, and a./2, the first termF(q,,q,) and the third
pression is obtainetf,in which the form factorF(q) is re-
placed by the coherent sum of four terms, which represe

The incoherent sum of the intensity over all the domains i
then

2. Form factor within the DWBA

oneR(«;)F(q;,p,) have a similar magnitude over the whole

aiff ) VoIV flecti ; nge of exit angles. The addition of this third term attenu-
! erent sqatt_ermg eve.nts Involving or not a reflection o ates the minima and shifts them. The second and fourth
either the incident or final beam on the substrate surfac

i I —a.
Each term comprises the island form factor, evaluated at diegerms are negligible, except fa < a. . In short, because of

ferent values=q,= + (k\— k) and +p,=+ (k\+kl), and a complex |_nterference between the four terms in 8. .
. ) SN whose amplitudes and phases depend on the incident and exit
weighted by the Fresnel reflection coefficielRé«a;) and 2 . . . .
. anglest? the BA is unable to describe the scattered intensity
R(ay) of the substrate:

when ¢; is close toa.. On the contrary, ifa;> «, and a;
F(q,.k? k) =F(q,,q,) +R(ap)F(q,,—p,) >a., the BAis a good approximation. At powerful synchro-
tron facilities, it could be thought relevant to carry out
+R(aj)F(q;,p,) + R(aj)R(ap)F(q;, — ). GISAXS ata;=2a., as some quick analysis could be done
(8) in the BA. However, in this case, some information is lost for
small g, values[ g)""=(2m/\) X sin(«;) from Eq. (1)].

For substrates with an uncorrelated roughness, the Fresnel For simplicity, the following discussion is restricted to the
reflection coefficients are modified by a decreasing exponerisland form factor as a simple square modulus of the FT, all
tial term depending on the rms roughnesshez component the more since only the scattered intensity parallel to the
of the wave vector in vacuum and that of the wave vector insurface is concerned. Nevertheless, it has to be stressed that
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FIG. 4. Open circles, GISAXS intensity calculated within the
BA as a function of the parallel momentum transég(R) and at
0 5 10 15 a;=0 for cylindrical islands on a substrate in a disordered state.

atjac Filled squares, form factor of a cylinder. Continuous line, interfer-
ence function with a distance between island®ef2.4x(R). The
FIG. 3. Square modulugogarithmic basisof the four terms of  difference between the maximum of the interference function and
Eq. (8) for a cylinder H=5nm) as a function ofx;/a, and at that of the GISAXS intensity i\(q,(R)). The inset shows the
0;=0 for (a) a;= a2, (b) a;=a., and(c) aj=2a,. Open circles, same evolution with thg axis on a logarithmic scale.
F(q,.9,); up triangles, R(«;)F(q,,p,); filled squares,
R(a)F(q,,—p,); down trianglesR(«a;)R(as)F(q,,—a,)- ourselves to the parallel cagateral siz¢ where these rela-
tions are more systematic.
all the simulations performed on the experimental results
(acquired for «; close to a.) are performed within the 2. Form factors of simple geometrical shapes

DWBA. The analytic expressions of the form factors for simple

island shapes are given elsewht&or anisotropic islands,

the form factor depends on the orientation of the island with
1. Introduction respect to the x-ray beam. When the frame linked to the
island is not aligned with the axis of the incident beam, the

The most interesting specificity of GISAXS is 10 probe o5y tic expressions of the form factor can be applied after
the island morphology, i.e., shape and size, which can b?otating the momentum transfer according to
derived in principle from the form factor. However, the scat-

C. Form factor

tered intensity is the product of this form factor by an inter- co —si 0

ference function as illustrated in Fig. 4. In the case of con- _S(g) o) Ox

centrated systems, these two terms are strongly correlated at sin({) cogg) O ay], (9)
smallg, values. Nevertheless, in disordered systems, the in- 0 0 1/ \0Qz

terference function tends to 1 as the momentum transfer in-

creases, and the GISAXS intensity is then entirely deterwhere( is the angle between the direct beam and the island

mined by the form factor. Hence, in order to discriminateedge. For a pyramid with square base, we distinguish two

between different shapes and accurately determine the islarektreme cases: the x-ray beam aligned along a face or along

size and size distribution, the intensity must be meas(ijed an edge.

far from the origin in reciprocal space afidl) over several Figure 5 shows 2D maps ¢F(q)|? in the @y.q,) space

orders of magnitude. This requires a background as low asalculated within the DWBA for various island shapes and

possible as the form factor decreases rapidly with increasingrientations at9;=0 and a;=«a.. On these five maps, the

g values. intensity presents a maximum along the perpendicular direc-
Several methods can be used to determine simple islanibn at as=«a. due to the interference effects between the

shapes. First, the symmetry of the GISAXS intensity as thdour scattered beams on the surface. For a cylinder, the pat-

sample is rotated around its surface normal allows one ttern is composed of well separated lobes along both parallel

determine the symmetry of the island shape. Second, scatteand perpendicular directiorsf. Fig. 5a)]. For a complete

ing rods, if present, indicate island facets. Third, the islandsphere, one main zero-order lobe is present, with a first-order

shape can be deduced by analyzing the asymptotic behaviarc-shaped lobgcf. Fig. 5b)]. The 2D map for a complete

of the intensity in the case of large polydisperdisge Sec. pyramid is characterized by a main lobe elongated along the

[ C 3c below). perpendicular direction with a monotonic intensity decrease.
We show also that, for small polydispersity, simple fea-For pyramidlike islands on #001) surface, the main side

tures of the intensity, such as the positions of zeros ofacets arg111), in which case the angle between a side and

minima, are related to the island size. Actually, we restrictbottom facet is 54.7°. Only this pyramid type will be consid-
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0 qy (nm™) 2.9

FIG. 5. (Color) The 2D |F(q)|? factor calculated within the DWBA ofa) a cylinder R=5 nm andH/R=1), (b) a complete sphere
(R=5nm), (c) a complete pyramid witfR=5 nm with the beam aligned along a face=0°), (d) same agc) but with the beam aligned
along an edge{=45°), and(e) same agc) but with {=30°. The intensity is represented on a logarithmic scale. The same intensity scale
is used for all these 2D patterns.

035411-5



REVENANT et al. PHYSICAL REVIEW B 69, 035411 (2004

] T T
j@ “"\@ () o3 7 40 i ]
- // A R\ ._\‘ .g %
2 \5 v / 'g E ) 1 '
-E ] VR
> 0
J o
2 |® 15 \/ 09 0.5 [T 3
) Y
e o
T 2
=
m T T
9 0 4 8
a,R
FIG. 7. The(|F(ayR)|?) function calculated within the BA for a
cylinder atg,=q,=0, plotted(in a logarithmic basisas a function
of gyR. Bold line, without any size distribution; thin line, with a

log-normal distributioro=1.1; filled squaresy=1.3; open circles,
o=1.7. The inset shows the corresponding lateral size distributions.

FIG. 6. S_qL!are modulugogarithmic basis of the form factpr first zero or minimum is aqy<R>h%45 for a heavily trun-
calculated within the BA atl,=q,=0 versusgy(R)y . (a) Isotropic  cated pyramidtypically, H/R~0.5) as shown in Fig. (6).
=1.5; open circlesH/R=2; filled squaresH/R=1; line, H/R  4jigned along a fageimes the square root of 2. As a matter
=0.5.(b) Pyramid with the beam aligned along a face. LIBER — of fact, the measured distance in GISAXS is that perpendicu-
=14 f'”ed. squaresl,—l/R—p.Q, open C'rC|eSH/R_.O'5' (c) Same lar tok; . In contrast, théF(qy< R)n)|? function decreases in
as(b) but wnh_the beam aligned along an edg®),, is the average a monotonic way for a completél{R=1.4) or slightly trun-
of Rover the island height. cated pyramidtypically, H/R~0.9).

b. The large-polydispersity case: Island size distribution

ered in this paper. If the beam impinges on a face, PrO1sland shape and size distribution is a natural consequence of
nounced scattering rods by facets appear at an angle of 54.§ye growth-coalescence process. The exact size distribution

with respect to the surface normiaif. Fig. 5c)]. When the |ay is a central key in the numerous theoretical approaches
gngleg increa_ses between 0 and 45°, these rods become leg$ isjand growtl?* Nevertheless, depending on the growth
intense[cf. Figs. §d) and Fe)]. Hence, we show that a giage(nucleation, growth, or coalescencthe type of nucle-
simple qualitative inspection of a 2D GISAXS pattern may 4tion procesghomogeneous or heterogenepuse growth
allow a first guess of the average island shape, €.9., SymMmginetics parameterétrapping energy, diffusion coefficient

try and facets. However, this is not always possible, and ge type of lattice mismatch relaxation, etc. it is difficult, if
detailed analysis of the intensity evolution as a functioqof ot impossible, to predict it. Usually, the observed lateral
andg, is then necessary to provide additional information onsjze distribution is well described by a log-normal probabil-
the island shape. ity distribution,

3. Deducing island size and shape from a rapid data analysis 1

1

a. The small-polydispersity casén the case of small PLN(X)_x\/ﬂln(a/X) exp{—i
polydispersity, i.e., islands close in size and shape, the posi-
tions of the form factor zeros are indicative of the morpho-whereX is the central value and is linked to the full width
logical parameters. This is illustrated in Fig. 6 with the at half maximum(FWHM). The asymmetry of this distribu-
square modulus of the form factor as a functiomgfR),,  tion is illustrated in the inset of Fig. 7 for variousparam-
where (R), is the average oR on the island height. For eters. The obvious effect of the size distributieh Fig. 7) is
isotropic islands like cylinder and sphere based shapes, ab smooth the scattering curve.
the|F(qy( R)y)|? functions are expressed with a Bessel func-  The height distribution and the cross correlation between
tion in the parallel plane and thus have their first zeros afateral size and height distributions are also poorly known.
d,(R)»,~3.9, as shown in Fig. @. For a pyramid based From a practical point of view, we have chosen in the fol-
shape, for the beam aligned along a face, all thdowing analysis to fit them independently.
|F(g,(R)p)|? functions are expressed with a siyik function c. The large-polydispersity case: Asymptotic behavior of
and thus have their first zeros @§(R),~3.3, as shown in the form factor In size distributed samples, further insight
Fig. 6(b). For cylinder, sphere, and pyramid with the beammay be gained by studying the asymptotic behavior of the
aligned along a face, tH& (qy( R)n)|? function presents sev- mean form factor, a limit which is currently named the Porod
eral well-pronounced lobes. For the beam along an edge, thepproach in the field of small-angle scattering in bulk

In(x/X)
In(a/X)

2
] , (10
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b) GISAXS intensity maximum is located gt,(R)=2.20, cor-
responding to a distance ofn2g,,=21.5 nm, whereas the
maximum of the interference function is@j(R)=2.92 cor-
responding to a distance ofn2q,=16.2nm. There is a
large discrepancy between these two distance determina-
tions. Nevertheless, the distance determination from the in-
terference function by 2/, is not exact, as the exact mean
— interisland distance from the TEM analysisDs=18.0 nm.
! \ In the case of the azimuthal average of the paracrystalline
/ domain’? the exact mean interisland distance is between the
\ two roughly estimated distances. As a consequence, in order
WH to get a precise determination of the mean interisland dis-
0.0 05 0. 0.5 1.0 tance, it is extremely important to fit the experimental scat-
log(q,R) log(q,H) tered intensity with an adequate model for the interference
function.

log(<|F[*>) (arb. units)

© | size distribution

FIG. 8. Plots of log([F|?)) calculated within the BAa) at theq,
position of total external reflection versus lggR), and(b) at theq,
position of the interference maximum versus p#l). Continuous
line, cylinder with R=1nm andH/R=1; filled squares, hemi-
sphere withR=1 nm; open circles, pyramid witR=1 nm, H/R
=0.9, and{=0°. The insets ofa) and (b) show, respectively, the 1. GISAXS experiments
lateral and vertical log-normal size distributionscf 1.7. Similar
results are obtained within the DWBA.

IIl. EXPERIMENTS

A. Experimental procedure

The GISAXS experiments were performed at the Euro-
pean Synchrotron Radiation FacilifeSRP on the D32

samples. Whatever the approximation is, i.e., BA or DWBA, undulator beamliné® delivering a monochromatic, doubly
DA or LMA, the intensity at largey values is proportional to foqlle.ed x-ray bearr;. A dedmatgd e_xpe.rlmental dset.up was
the average of the square modulus of the form factor. ThEUIlL in order to perform GISAXSn situ, in UHV, during
curves In(F|?) versus In,) or In(g,) shown in Fig. 8 for MBE, without any WlndOW before t_he sampl_e, thus avoiding
simple geometrical shapes demonstrate that, for a sufficientl ackglroulnd scatterirfThe Obggomzsar??and d|vergencde a; the
distributed sample, the intensity varieseas’ with an expo- amese gcatlon dwere e d. m (HXxV) an |
nentn that depends on the sharpness of the island. For in2<_10 rad (H) and 4x 10 rac (V) FWHM, respectively,
stance,n=3 for a cylinder and 4 for a hemisphere or 4 With a flux at sample of approximately ¥Fophotons/s and an

- oy - bandwidth of X 10 “.
pyramid H/R=0.9, {=0°) in the parallel direction, energy _
whereasn=2.5 for a cylinder and 3 for a hemisphere or a ' "€ UHV chamber, mounted on a diffractometer, had a

0
pyramid in the perpendicular direction in a range Wherebase pressure of 16° mbar. The beam entered the UHV

In(g,R) or In(g,H) is comprised between 0.5 and 1. Hence,Chamber b_ya bellows hooked to the beamline,_allowirjg fora
providing that measurements are performed sufficiently fa?m‘?‘”_ rotation of the c_har_nber around the vertical axis, thus
away in reciprocal space(typically q,R or qH defining the angle of incidence of the x-ray beam W|_th re-
>3.5nm 1) with a high dynamics, each cyonsidered islangSPect to thevertica) sample surface. .At t.he opposite side, a
shape is fully characterized by a set of slopes in both direcIE)onng cone vc\j/ats co.nnfcée(g to alnogxn p'%‘? thrct)ugrk\) a EFSS
tions. It is also worth noticing that the difference from the 3D eliows, and terminated by a mm diameter berylium
case, wherem=4 for continuously curved interfaces, is due window placed in front of the 2D detector, thus avoiding

to the reduced dimensionality and the absence of the orier?—m":l”"'ngle scattering background. .
tation average as supposed in the 3D Porod ffnit. The scattering from the islands was collected on a 16-bit

x-ray charge-coupled device detector (124152 pixels for
horizontal and vertical directions with a pixel size of 67
X 67 um?) that could be placed at a variable distaribe-
tween 900 and 1500 mimfrom the sample. A motorized

In most of the literaturé>’ the average interisland dis- tungsten beamstop with a T shape was positioned perpen-
tanceD is determined through the position of the GISAXS dicularly to the sample surface in order to mask the transmit-
intensity maximumgq,,, by D=2wx/q,,. However, as the ted and specularly reflected beams, because several orders of
GISAXS intensity is the product of the interference functionmagnitude in intensity separate the diffuse scattering from
S(qy) by the square modulus of the form factor, the GISAXSthe reflected beam. With this setup, the outgothgand ay
peak positiong,, is shifted from theS(q,) peak position angles vary between 0 and approximately 3°. In reciprocal
denotedy, according to the form factor slope. This behavior space, the momentum transfegsandq, vary up to 2.62.8)
is illustrated in Fig. 4 within the typical context of our Pd/ nm™! for gy (9, and up to 10(14) for q,R (q,H). Theqy
MgO(001) studies for cylindrical islands of mean radius coordinate always remains negligible.
(R)=7.5nm. The interference function is obtained through The data have been corrected for the flat field and the dark
the FT of the island pair correlation function extracted fromcounts and the reference signal from the bare substrate prior
TEM plane views (see Sec. IlIB2 beloyw First, the to deposition has been substracted.

D. Island interspacing and maximum of the interference
function
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TABLE I. GISAXS results from best fits for Pd/Mg001) deposited at different temeperatufEsnd with various thicknesses The
parameteq,, is theq value corresponding to the maximum of GISAXS intensity. The paramBtensd D ¢y, are the interisland distances
obtained by GISAXS and TEM, respectively. The paramBtebtained by GISAXS is the radius for a sphere-based island and the maximum
half lateral size for an octahedron with a square b&Reis the average oR over the lateral size distribution, where@$ is the average of
H over the vertical size distribution. The TEM radiBsgy, is that of a disk of equivalent surface. A log-normal distribution is used with a
parameteir (o for the lateral size distribution andy for the vertical ong

T € 27/Qp, D Drem (R Rrem (H)

(K) (hm) (nm) (nm) (nm) (nm) (nm) OR ORTEM (nm) oy
550 0.9 6.4 6.120.06 7.9-1 1.66-0.05 2.0:0.4 1.3-0.05 1.3r0.1 2.06:0.03 1.05-0.05
650 0.1 17.1 16.220.2 1.43+0.05 1.15-0.05 1.78-0.02  1.r0.05
650 1.0 19.0 16.020.2 7.3-0.2 1.24+0.05 5.710.1

740 3.0 215 18.60.2 18.G6-3 7.5+0.2 751 1.25-0.05 1.3:0.1 6.410.1 1.1+0.05

2. Sample preparation carbon replica method. The samples were first encapsulated

The growth of Pd on Mg@01) was studied during two by an amorphous carbon layer a few tenths of a nanometer
experiments af, =0 with two different wavelengtht0.1127 thick. The MgO substrate was next dissolved by a selective
nm for the growth at 550 and 740 K, and 0.1210 nm for thechemical attack in diluted HQI15%). The carbon film con-

growth at 650 K, and with the angle of incidence; = e, taining the particles was then mounted on microscope grids.
(0.20° and 0.22°, respectively, for=0.1127 and 0.1210 The grids were observed in a Jeol 2000 FX electron micro-

Fcope operating at 200 kV, in transmissitnight field, dark

. A load-lock t dtoi t th le intq : . .
nm) oad-lock system was Uused 1o Insert the sampie in field, and weak-beam dark figléind diffraction modes.

the chamber.
The (15<15x 0.5 mn?) MgO(001) substrates, provided _
oriented and polished by Earth Chemi¢ahpan, were first B. TEM and GISAXS analysis

annealed in air at 1500 °C for 24 h, which yielded crystals of Four samples with different thicknesses and prepared at
very high quality with micrometer-size largd@01) terraces. djfferent temperature€.9 nm at 550 K, 0.1 and 1 nm at 650
The contaminants segregated at the surface were next rg; and 3.0 nm at 740 Kwere studied with the two comple-
moved in a remote UHV chamber by Aiion bombardment  mentary techniques GISAXS and TEM. The main character-

(10 A current and 0.6 keV energiyat 1500 °C, thus yielding  jstics and results for these four samples are reported in Table
clean flat terraces while keeping the high crystallinity, and].

finally annealed at 900 °C for 20 min and cooled down under
10 torr of O, in order to restore a perfect surface stoichi- 1. TEM analysis

ometry. The resulting stoichiometric MgO surfaces of very The growth of Pd nanoislands on M1 has been

low roughness, with large terraces, i.e., a very small defecﬁworoughly investigated in the past as it represents a model
density, and high crystalline quality have been CharaCtenzecatalyst of metallic islands on oxidé&The deposit morphol-

elsewheré&’ This procedure used to prepare the MOQL) i o .
substrate results in extremely flat surfaces with a rms surfac%gy.depends markedly on the preparation conditions and in
particular on the temperature.

roughness of typicallyy~0.24 nm?’ These surfaces were . ; . .
protected by an approximately 1000 A thick Ag film before For the final (0'9. nm thick deposit at 550 K see Fig.

X X .~ 9(a)], most islands adopt the cube/cube
being transferred in the x-ray chamber, where the Ag film Pd(001)MgO(001)] epitaxial relationship with slight azi-
was desorbed by annealing at approximately 700 °C. Thg uth mis%rientationsp A few aﬁicles Eave a
deposition procedure for Pd was very close to that describe. 4(111YMgO(001 .'t ial relati ph' S ticl
in Ref. 27. Pd was evaporated at a rate of 1 A/min using ah ( I ) dg ( | ) e%' eflf(t:a .r?a:jogs Ip'.t ome partic ef |
Omicron EFM4e-beam bombardment deposition cell with a ave already coalesced. The island density 1S approximately

2 mm diameter, high purit{99.99% rod. The flux was cali- (1.6-0.1)x 1012. cm % The average radius of the noncoa-
brated in situ b,y a quartz microbalance lesced islands is 1.5 nm and that of the coalesced islands is

The MgQ001) substrates were stucki@ 1 mmthick Ta 2.5 nm. As Sh,OW” in Fig. @), only very few particles have
plate via a thin indium film. Heating was performed by a2 stq_uarle ﬁutllne. Most of them do not have a precise geo-
filament placed behind the Ta plate. The temperature of th8'€'1'¢&! Shape.

- : For the final(3.0 nm thick deposit at 650 Ksee Fig.
MgO substrate was measured using an infrared pyromet . ; S :
facing the Ta plate, and previously calibrated using the theregr(b)]’ the diffraction study indicates a very go@D1) island

mal expansion of the MgO lattice parameter as deduced fro pitaxy with better defined shapésuncated pyramids for

grazing incidence x-ray diffraction measurements. the smallest, octahedrons for th? largegthe rectangular .
islands correspond to coalesced islands. There are a few tri-

angular islands if111) epitaxy.
For the final(3.0 nm thick deposit at 740 K/see Fig.
After the in situ GISAXS measurements during growth, 9(c)], a predominantly(001) island epitaxy is found, with
the last deposits were analyzed by plane view TEM, with thesome(111) island orientation. The island density is not ho-

3. TEM experiments
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FOROA L LD Y ‘ngsn >4 two main lobes is inversely proportional to the average sepa-
i (af m.t ’a".(l#' _‘, ¢ '~‘ ration between neighboring islands.
v St :‘ s ‘.“ Y The GISAXS formalism described above has been used,
P4 S PR - *‘. o% i J ‘. within the DWBA and the LMA, to analyze the experimental
fo s sgoiee S.e /. 7’ data, unless otherwise mentioned. It has been checked that
AR PR LI ”;‘. . 5@ : * the GISAXS simulation was not affected by the low rough-
L AN ’--'*'f “_ R N\ J ' % Q { ness of the Mg@01) substrate even at large Hence, the
L3N I DAL : 2" . Ve B ‘ substrate roughness was neglected in the Fresnel reflectivity
(@ ".2“&_@' ; o'.' < for the GISAXS calculation. Two cuts of the intensity in the
9.0 N ‘c "o (dy.9,) plane have been simultaneously fitted using a
§ ‘ ';.‘,' 0" . Levenberg-Marquadj? criterion minimization. One cut is
¢ ‘e @ o, " parallel to the surface at thg, position of maximum inten-
PCd ’ sity and one is perpendicular to it at thg position of the
oo ¢ P
. .,f @ f i interference maximum. Then a 2D GISAXS pattern is simu-
‘ v2: 00 ra? lated with the parameters obtained from the previous fits. All

the parameters obtained are gathered in Table I, together with

FIG. 9. TEM plane views after carbon replica of the Pd/those deduced from TEM. Several Pd/M@01) deposits
MgO(001) samples in the final deposition statg@t550 K (0.9 nm were analyzed.

Pd. MgO(001) deposit at 550 K, the 2D GISAXS experimental
pattern with the corresponding analysis is displayed in Fig.
mogeneous and is approximately%3.2)x 10t cm 2. The  10. Owing to the TEM plane views and the GISAXS perpen-
average island radius is 4.5 nm and the islands(até), dicular asymptotic behavior corresponding to a straight line
(001, and (110 faceted. The height/radius ratio is 0.54 for of slope —3 [see inset of Fig. 1@)], the mean island has a
islands with a square outline and varies between 0.8 and dphere-based shape.
for the other islands with rectangular, octahedral, and trian- b. Pd/MgO(001) at 650 KFor the 0.1 nm thick Pd/
gular outlines. MgO(001) deposit at 650 K, the GISAXS data and analysis
are presented in Fig. 11. Since no TEM data were recorded
for this deposit, the mean island shape used to fit the
GISAXS, a truncated pyramid with a square base, was de-
The GISAXS data were first fitted using different model duced from other microscopy work for similar temperature
interference function® However, none of them allowed us and island size conditiorfS.A very good agreement is ob-

to satisfactorily reproduce the exact shape of the Glsaxgained between the simulated and experimental data. Note

data close to the origin of reciprocal space. We thus resorte%?e very sma_ll size distribution deducgd from the feee
able | for this small amount of deposited material.

to digitalized TEM plane views to define an ad hoc interfer- For the 1 nm thick Pd/Mg@O01) deposit at 650 K, Fig
ence fqnction. The island pair correlation functigfr) was 12 displays the 2D GISAXS experimental patterns’and.the
deFermlned from the number (_)f island centers of mass pe(50rresponding analysis with the incident beam along the
unit of surfape chated at a distance betweegngi r+dr MgO[110] (MgO[100)) direction. The 2D GISAXS patterns
from the original island. Care was taken to avoid image edgeesent a scattering rod at 54.7° with respect to the surface
effects _by excluding the borderlme islands. Large-scale PiChormal in the(110) direction but not in thg100) direction.
tures with a few thousands of islands thus allowed to deriveryg jngicates that palladium forms oriented faceted islands
g(r) andS(qy), the latter being fitted with a two-parameter . {100 and{111} facets on the Mg@O01) surface. More-
functionD,w (D is the interisland distance anglthe disorder over, in the case of faceted islands, the second- and even
parameterin order to introduce it in the fit procedure. The gometimes third-order scattering peaks perpendicular to the
analytical expression foB(q,) is given in the Appendix. g, face are indicative of flaD01) terraces and of a narrow
Ultimately, this function, determined on the final deposits,peight distribution. All these features point to a truncated
was found much more appropriate t_han the model functiongtahedronlike average shape as seen from TEM plane
to fit the GISAXS data for all deposits. views. The simulated GISAXS patterns well reproduce the
general features of the experimental GISAXS patterns, espe-
3. Analysis of GISAXS patterns cially the scattering rod along th@11) direction visible in
Fig. 12a). As an example, one experimental GISAXS pat-
Quialitatively, the experimental GISAXS patterns presentern (that with a scattering rod at 54.7° with respect to the
two large scattering lobes visible along the parallel directionsurface normal in th€110 direction has been simulated
separated by the specular reflectivity, partly hidden by thevithin the DA [see Fig. 123)]. Notice that neither the
beam stop. The extent of the intensity parallgérpendicu- DWBA-LMA nor the DWBA-DA correctly reproduce the
lar) to the surface is inversely proportional to the averageexperimental diffuse scattering close to the beam stop.
lateral size(heigh) of the island. The separation between the c¢. Pd/MgO(001) at 740 KFor the 3.0 nm thick Pd depos-

2. Interference function deduced from TEM
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FIG. 10. (Color) 2D GISAXS intensity for a 0.9 nm thick Pd/MdQ01) deposit at 550 K(a) Experimental 2D pattern with a spreading
of the reflected beanib) Continuous line, cut of the experimental pattern parallel to the surface corresponding to the horizontal black line
in (a); disks, best fit of the experimental cut. The intensity is in a logarithmic bégiSame agb) but cut perpendicular to the surface
corresponding to the vertical black line(a. The inset displays the asymptotic behavior of the experimental ¢arvel) 2D lobe simulated
with the parameters obtained from the parallel and perpendicular fits and reported in Table I. The intensity is represented on a logarithmic

scale. The same intensity scale is used for both the experimental and simulated 2D patterns. This intensity scale corresponds to that used for
the parallel and perpendicular cuts.

ited on a MgQ@001) substrate at 740 K, the mean island In all cases considered, the interisland distance obtained
shape is also assumed to be a truncated octahedron withfram the fit is slightly smaller than that obtained by the rough

square base. Figure 13 shows the experimental GISAXS paéstimateD =27/q,, (see Table )| illustrating the issue of
tern and the corresponding analysis. Sec. IID.
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FIG. 11. (Color) 2D GISAXS intensity for a 0.1 nm thick Pd/MdQ01) deposit at 650 K(a) Experimental patterr(b) Continuous line,
cut of the experimental pattern parallel to the surface corresponding to the horizontal black(@helisks, best fit of the experimental cut.
The intensity is in a logarithmic basi&) Same agb) but cut perpendicular to the surface corresponding to the vertical black lifae ifl)
2D pattern simulated with the parameters obtained from the parallel and perpendicular fits and reported in Table I. The intensity is
represented on a logarithmic scale. The same intensity scale is used for both the experimental and simulated 2D patterns. This intensity scale
corresponds to that used for the parallel and perpendicular cuts.

IV. DISCUSSION the adequacy of the GISAXS measurements and quantitative
A. Comparison between GISAXS and TEM results analysis. FQr thg fqrmgr case, the agreement is goqd as con-
cerns the size distribution parametsg. However, the inter-

Let us compare the dimensional parameters deduced frofsland distance and radius deduced from GISAXS are ap-
GISAXS and from TEM for 0.9 nm thick Pd at 550 K and proximately 20% smaller than those deduced from TEM.
3.0 nm thick Pd at 740 K. For the latter case, the agreemerfirst of all, the TEM and GISAXS statistics are very differ-
is excellent for all parameters, unambiguously demonstratingnt. As a matter of fact, TEM probes only a very small por-
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FIG. 12. (Color) 2D GISAXS intensity for a 1.0 nm thick Pd/MdQ01) deposit at 650 K(a) Experimental patterns with the incident beam along the
MgQ[110] direction, andb) same aga) but with the incident beam along the M{I®O] direction. Black lines show the positions of the two cuts used to fit
the data, parallel and perpendicular to the surface. For the sake of clarity, we sho¢e)qudyallel and(d) perpendicular cuts for the 2D GISAXS pattern
taken with the beam along the island edde Continuous line, experimental cuts; filled squares, best fit of experimentalegwdnd (f) Simulated 2D
GISAXS patterns ofa) and (b), respectively, obtained after fitting the above experimental cuts and using an island shape of a truncated octahedron with a
square base schematically dravm). Same age) but within the DA. Note that the truncation rod visible (i@ and(b) has not been simulated {®), (f), and
(g). The intensity is represented on a logarithmic scale. The same intensity scale is used for both the experimental and simulated 2D patterrsityThis inten
scale corresponds to that used for the parallel and perpendicular cuts.
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FIG. 13. (Colon (a) 2D GISAXS experimental intensity for a 3.0 nm thick Pd/M@O01) deposit at 740 K(a) Experimental patterr(b)
Continuous line, cut of the experimental pattern parallel to the surface corresponding to the horizontal blactalinfdléd squares, best
fit of the experimental cuic) Same agb) but cut perpendicular to the surface corresponding to the vertical black li@e ifd) 2D pattern
simulated with the parameters obtained from the parallel and perpendicular fits. Note that the truncation rod vigibhesnnot been
simulated in(d). The intensity is represented on a logarithmic scale. The same intensity scale is used for both the experimental and simulated
2D patterns. This intensity scale corresponds to that used for the parallel and perpendicular cuts.

tion of the surface, as opposed to GISAXS. Hence, the obdiverse and not always compact shapes of the particles for
served difference in the TEM and GISAXS results mightthis low temperature depodisee Fig. @a)]. Obviously, in
arise from inhomogeneity of the island distribution on thethis case, representing these diverse shapes by a simple
surface. Moreover, this difference is likely related to the veryspherical shape is a crude approximation.
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B. Wulff’s construction

Particularly interesting is the 650 K case, for which the
interisland distanc® first decreases between 0 and 0.3 nm
deposited, next stays constant up to 1.5 nm, and finally in-
creases. Since the island density is inversely proportional to
D2, the first stage corresponds to nucleation of islafils
creasing densify the second to island growtleonstant den-
sity), and the last to coalescence of neighboring islands. In
addition, up to 1.5 nm deposited, the island aspect ratio
H/2R is found constant and equal to 0.6, as is the ratkRR
(equal to 0.4%5 whereh is the top height of the octahedron. |
All these observations show that, for the 1 nm thick deposit, -
the islands have reached their equilibrium shape, which is 0 q.R
thus a truncated octahedron with square base, since this is the y

only shape correctly fitting the experimental GISAXS pat- 5 14. (@ Intensity versusq,R for a cylinder within the

tern. At 650 K, the mobility of Pd atoms on Md@1) and  pyRa. Open circles,|,=S(q,R) X (|F(q,R)|)? filled squares,

Pd clusters is very large, so that the islands reach their equj—2:<|F(qu)|z>,<|F(qu)|>z. bold line,1 ;+1,, i.e., the GISAXS

librium shape on a subsecond time scale. The equilibriunyensity within the DA; triangles, GISAXS intensity within the
state is thus reached before recording the GISAXS pattern.ma. (b) Same aga) but versusy,H. The paralleperpendicular
This truncated octahedron is actually a very good approXidirection is taken at the maximum intensity in the perpendicular
mation to the truncated cubo-octahedron described in thgaralle) direction. The numerical values used for the simulation
literature® This allows us to use the Wulff-Kaishew are those of 0.9 nm Pd/MdQ01) at 550 K.

constructiort’3'to deduce the interfacial energyrelated to

log(l) (arb. units)

o -

the aspect ratio as: side facets grow from both vapor phase and atom diffusion,
the (001) top facets grow mostly from the vapor phase as if
5=2 1— ixinx 1 (11) they were isolated, because of the high energy barrier an
Too 2R 7001 SING) |’ atom36hgs to overcome to jump from (411 to a (001
facet™

where o go;=1.64 JIm (011,= \[3/20 ) is the surface spe-
cific energy of the(001) [(111)] facet and§=54.7° is the
angle between thé&01) and (111) facets®?33 This yields 8
~1.1J/nt, which compares well with the value of 0.947 1. Evidence of diffuse scattering in GISAXS

JIn? deduced from contact angle measurements of a liquid Let us compare the DA and LMA resultsee Fig. 14 In

Pd dr403p;let on Mg@O01) and to a recent experimental {he DA in the parallel direction, incoherent scattering domi-
value* of 0.91 Jin. Thus under adequate conditions, nates over coherent scattering for smajjR<1) and large

GISAXS may give access, nondestructively, to the _eq“'“b'(qu>3) q values. Close to the position of the interference
rium shape of the islandS.This is no longer possible in the function maximum ,R~1.5), the situation is reversed and

qoalescencg regime, in which the _shape is not the equilipq)o(qu) is equal to only 10% oS(qu)x<|F(qu)|)2. In
rium one, with a smaller aspect ratio. However, a recent kiy,o LMA, this small-angle scattering is absent, which points

netic Monte Carlo study of the growth-coalescence procesg, e fact that in our experimental data a long-range size-
associated with our morphological determination of gro""thposition or size-size coupling exists. Notice that at high
will allow us to deduce the energetic barriers involved in the

: ; values the two approximations give essentially the same re-
growth. In the coalescence regime, different cluster shap
are observed, including square and rectangular islands an
some more complex profiles, as evidenced by the TEM plane
view of the 3 nm thick deposit at 650 K in Fig(l9.

D. Diffuse scattering

2. Size-position correlation deduced from TEM views

To gain further insight into possible island correlations, a
more precise analysis was undertaken using the TEM plane
views. The nearest neighbON) diameter and interisland

At the very beginning of growth, in the nucleation regime, distance are shown versus the central island diameter for
the 0.1 nm thick Pd/Mg@O01) deposit has small vertical and Pd/MgQ001) at 650 K in Fig. 15. Only a very weak corre-
lateral size distributions, which are similar. Then, for a Pdlation between the island sizes is obtained whatever the
deposit from a few 0.1 to several nhanometers, a striking reeeposition temperature. This means that, on average, each
sult is that the height distribution is smaller than the lateralisland is surrounded by islands of different sizes accordingly
size distribution whatever the temperature is from 550 to 74Qo the overall size distribution. By contrast, a significant cor-

K (see Table). This behavior, which seems to be indepen-relation between the island size and separation is deduced.
dent of temperature and film thickness, is believed to origi-The linear regression of the correlation between the island

nate from growth mechanisms. First, the derddf) facets size and separation has a positive slope at the three tempera-
grow faster than thé€001) facets. Second, while thel1l)  tures studied, meaning that the larger the central island, the

C. Height distribution
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Iiloand diami?er (nm) 60 FIG. 16. Diffuse scattering calculated with a cylinder shape ver-
susq,R for Pd at(a) 550 K (0.9 nm thick Pd, (b) 650 K (3.0 nm
FIG. 15. (a) Correlation between the central island diameter andthick Pd, and(c) 740 K (3.0 nm thick Pdi deduced from the TEM
the diameter of its NNs for Pd/Mg001) at 650 K. The slope of the ~ Plane views. Continuous linéyo; filled squares| g, ; open circles,
linear regression is 0.043. For information, the slope of the lineaf d2-
regression is—0.008 at 550 K and 0.034 at 740 Kb) Correlation
between the central island diameter and the distance between NNee Fig. 16c)], the|d3(qy) peak is larger and narrower than
islands for Pd at 650 K. The slope of the linear regression is 0.580he l4o(dy) one at smallg,R. This example shows that a
For information, the Slope of the linear regression is 0.405 at 550 mlgh Order Correlanon between Scatte”ng objects can
and 0.351 at 740 K. strongly influence the diffuse scattering, particularly close to
] ) . ) the origin of the reciprocal space in the parallel direction,
larger the distance from its NNs. This can be linked to theang reduce the intensity as compared to that expected in the
depletion zone of the islands. In the growth mode, the islandp A |n short, the best approximation for analyzing data is the

grow due to the diffusion of the atoms from the depletion| A, even though with this model the island-island corre-
zone, whose area is proportional to the island perimeter. Initions are overestimated.

deed, for submonolayer deposits, recent simulations sug-
gested that the variation of capture rate with island size dif-
fers from mean field predictions, where the environment of V. CONCLUSION
each island is assumed independent of island size and
shape®~*? Furthermore, in the coalescence regime, the
zones often described as Voronoi cells merge. f

In this article, we have shown that the DWBA formalism
or islands on a substrate is mandatory for correct analysis of
GISAXS data. In almost all previous studies, the LMA has
3. Estimated GISAXS diffuse scattering been implicitly ass.umegl, in yvhich r)eighbqring islands are
supposed to have identical sizes. Within this approximation,
The influence of such correlations on the scattered intenthe distribution of island size does not yield any incoherent
sity can be directly calculated as the positions and the sizescattering. The simulation of our GISAXS data within the
of the islands are known from TEM. From E), the dif- | MA demonstrates the existence of incoherent diffuse scat-

fuse scattering is given by tering at smallg, alongg,, but the other extreme approxi-
mation, the DA, assuming complete size-size and size-
—ia- separation decorrelation yields a too large diffuse scattering.
= xe 'dm, S ) : ;
la(a) % Pm(q)xe " (12 This indicates that some correlation between the islands is

present. A detailed analysis of TEM plane views of some
By approximating each island scattering power by that of adeposits has shown at least a strong size-separation correla-
disk of equivalent surface, it is possible to evaluate the suntion. This evidence of the failure of the LMA and DA was
I4(q) up to a fixed distance cutofsee Fig. 16 The scatter- possible because of the negligible background and the high
ing 1 40(q) corresponds taby(q), 141(q) is the diffuse scat- dynamics of intensity variations, which allowed us to mea-
tering obtained by considering the NN shell around eachsure the weak incoherent scattering. Going beyond such ap-
island, and 4,(q) is the diffuse scattering obtained up to the proximations would imply the difficult task of modeling the
second NN shell. For a larger cutoff, the curves obtained arésland partial pair correlation functions, i.e., the pair correla-
noisy due to poor statistics and thus are not represented heitgon functions according to the size of the islands. Neverthe-
For Pd/MgQ001) at 550 K[see Fig. 16)], the incoherent less, the LMA and DA allow us to reproduce the experimen-
diffuse scattering intensity is nearly independent of the sizéal intensity at largeg, values, where the diffuse scattering
of the neighbor shell used for the calculation. On the conbecomes negligible and where both models converge, and
trary, for the deposition at 65(kee Fig. 1@)] and 740 K  allow us to deduce the width of the size distributions with
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accuracy in excellent agreement with that determined by th&ISAXS setup and the measurements. SP2M is a laboratory
TEM. associated with the Universitdoseph Fourier, Grenoble,

In these concentrated systems, at small angles, thErance.
GISAXS data strongly depend both on the form factor and
on the interference function. This latter cannot be extracted APPENDIX
from the data for disordered systems like the present ones, ) ) ) )
and have thus to be modeled. Hence, an ad hoc pair correla- The TEM derivedS(q;) function has been fitted with the
tion function, determined by fitting the pair correlation func- following analytical expression:
tion evaluated from TEM data, has been used for the fits. _ -

Finally, the 2D GISAXS patterns of four Pd/Md@n1) S(ay)=Sy() + wx eI cog A X DX )
deposits0.9 nm at 550 K, 0.1 and 1.0 nm at 650 K, and 3.0 1
nm at 740 K have been quantitatively analyzed, and the x| 1- 1+ &AaD(a—Ag77D)
dimensional parameters deduced. For two of them, these pa-
rameters have been compared to those obtained from TEMith
and an excellent agreement is found. Moreover, a striking
feature of these analyses is the much smaller spread of the
island height as compared to the island lateral extension, due S =1~ 1+ ePsP(a—Agm/D) -
to the nucleation-growth-coalescence process.

The parameteD is the interisland distance and is the
disorder parameter. For the 0.9 nm thick Pd/M@@) de-
posit at 550 K, the following numerical values have been

We would like to thank all the staff of the ESRF ID32 obtained: A;=1.43, A,=0.84, A3;=1.33, A4;=15, Ag
beamline for their invaluable help during the mounting of the=1.7, andAs=1.13.
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