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Anomalous grazing incidence small-angle x-ray scattering studies
of platinum nanoparticles formed by cluster deposition
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The size evolution of platinum nanoparticles formed on a SiO2/Si�111� substrate as a function of
the level of surface coverage with deposited clusters has been investigated. The anisotropic shapes
of sub-nanometer-size nanoparticles are changed to isotropic on the amorphous substrate as their
sizes increased. Using anomalous grazing incidence small-angle x-ray scattering �AGISAXS�, the
scattering from nanoparticles on the surface of a substrate is well separated from that of surface
roughness and fluorescence. We show that AGISAXS is a very effective method to subtract the
background and can provide unbiased information about particle sizes of less than 1 nm. © 2005
American Institute of Physics. �DOI: 10.1063/1.1999627�
I. INTRODUCTION

Metallic nanoparticles have been intensively studied for
their optical, electronic, and catalytic properties �see, for ex-
ample, Refs. 1–6�. For example, these studies have shown
that the catalytic activity and selectivity of the nanoparticles
strongly depend on particle size, composition, and shape, as
well as the substrate material.4–6 These extraordinary cata-
lytic properties can be strongly altered and the catalytic ac-
tivity can be lost due to the sintering process taking place at
elevated temperatures or upon exposure to mixtures of reac-
tive gases.7 Therefore, the size and shape measurements of
the metallic nanoparticles in certain matrixes or on the sub-
strates are indispensable in determining the correlation to
their physical and chemical properties. Anomalous small-
angle x-ray scattering �ASAXS� has been used for studying
particles buried in a matrix.8–10 For instance, Vad et al. stud-
ied 1-nm-size Pt particles embedded in organic matrixes and
demonstrated that the size distribution obtained by ASAXS
is well matched with that determined by transmission elec-
tron microscopy �TEM�.8 Since the atomic scattering factor
of the metal near the x-ray energy of its absorption edge
varies, while the atomic scattering factor of the matrix does
not, it is possible to use the contrast variation method by
varying the x-ray energy instead of varying the material as is
normally done. When particles are deposited on the surface
of the substrate, ASAXS, which is normally done in a trans-
mission geometry, is not applicable because of the limited
sampling volume. Instead, grazing incidence small-angle
x-ray scattering �GISAXS� can be used in combination with
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the anomalous technique. GISAXS is an emerging technique
for studying the shapes, sizes, and spatial correlation of
nanoparticles on the substrate,11–14 as well as embedded in
the substrate15–17 or in a film on the substrate.18,19 GISAXS is
similar to SAXS but differs in the measurement geometry.
GISAXS is performed in reflection mode whereas SAXS is
performed in transmission mode. Recent studies of Renaud
et al. demonstrated the high sensitivity of the GISAXS tech-
nique to monitor the real time growth of Pd clusters on
MgO�100� and of Co on Au�111� during metal-vapor
deposition.12 This work has been extended to a quantitative
study of the growth of Pd particles on MgO.13 Lee et al.
studied size distributions of approximately 1-nm nanopores
in a 100-nm-thick film on the Si substrate using GISAXS.18

In most cases of GISAXS experiments, the incident angle of
x-ray beam to the surface of bare or thin-film-coated sub-
strate is chosen close to the critical angle of the substrate,
�c,s, yielding an enhanced SAXS intensity. Reflection and
refraction, which occur at a small incident angle and un-
avoidably distorts the scattering of particles, have been suc-
cessfully taken into account by a new theoretical model de-
veloped under the distorted wave Born approximation
�DWBA�.12,14,15,19

A problem with GISAXS is a lack of a quantitative back-
ground subtraction method. When nanoparticles are sup-
ported on or buried in the substrate, scattering from the sub-
strate structures, such as surface roughness20,21 and
morphological structures, are unavoidably mixed with that
from particles. One exception is when the concentration of
the studied particles is much higher than that of the surface
structures. Up to now, scattering from substrate roughness

has been estimated and subtracted from the total signal by an
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approximation based on assumptions of asymptotic behav-
iors of scattering intensity as a power law whose exponent is
varying depending on models of surface roughness.20 This
approach is only useful as a method to approximate back-
grounds at the small-angle region and acceptable when the
signal is obviously obeying the known power-law. In addi-
tion, since such a power-law behavior is common in the
small-angle x-ray scattering �SAXS� of particles,22 it should
be proven to have its origin solely in the substrate, not in the
nanoparticles or a film on the substrate. The wide angle re-
gion where the power-law scattering is measured �so-called
Porod region� is differentiated from the very small-angle re-
gion �so-called Guinier region� where the scattering is only
dependant on the overall particle size and not the shape. For
example, a scattering vector of q=0.1 Å−1 represents Guinier
region for a sphere with a 10-Å radius, while the same q
corresponds to a Porod region for a 100-Å radius sphere.
Power-law values in the Porod region are determined by the
surface structure and the shape of the single particle.22 Power
values between −3 and −4 represent the fractal surface and
powers less than −4 represent the gradient surface. Powers of
−2 and −4 are for the aligned and random parallel-piped
surfaces, respectively.12,22 If the particles are aggregated into
fractals and form a mass fractal, the power law can be less
than −2.22 Except for these power-law backgrounds, as the
particle sizes become as small as a few Angstroms, the re-
moval of any additional background scattering signal from
the total signal is becoming exceedingly difficult. Since the
scattered intensities of GISAXS are sensitive to the width
and thickness of the film, surface structure of the substrate,
incident angle, and amount of particles, it is difficult to cal-
culate the corresponding weight factors for the independently
measured GISAXS of the substrate and nanoparticles on the
substrate to reduce the purely nanoparticle scatterings, as is
generally done for the SAXS data. If the surface morphology
of the substrate is not a flat crystal surface, or if its changes
occur during the sample preparation, the estimation back-
ground scattering becomes even more difficult.

In this paper, we will present a new method based on
anomalous GISAXS �AGISAXS� which allows differentia-
tion of particle scattering from the other types of scattering

TABLE I. GISAXS results from best fits and Guinier analysis for Pt cluste
coverage. �The level of coverage was varied by the number of vaporization
deviation � from the cylinder model. Its height is assumed to be correlate
gyrations along the directions of in plane and out of plane respectively. The

S
Surface coverage

Pt atoms/cm2 r0�Å�

Cylind

� H /Ra

1 1.4�1014 6.3±0.2 0.26±0.01 1.27
2 3.4�1015 8.1±0.2 0.25±0.01 1.38
3 6.8�1015 8.0±0.3 0.40±0.02 1.46
4 1.4�1016

¯ ¯ ¯

aHeight/radius.
bCalculated from fitted distribution functions.
cCalculated as 1

2Rg,i H /R.
dObtained from Guinier analysis.
including a substrate roughness. We report for the first time
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the AGISAXS results on Pt nanoparticles produced by the
deposition of clusters on a SiO2/Si�111� substrate.

II. EXPERIMENT

The experimental setup and the design of the cluster
source have been described in detail elsewhere,23,24 and only
details concerning the cluster deposition are given here. A
beam of platinum clusters was produced in a cluster source
with a 1-cm channel length by vaporizing the metal from a
platinum rod with a frequency-doubled yttrium aluminum
garnet �YAG� laser operating at a repetition rate of 50 Hz
and using helium as a carrier gas. A substrate holder, capable
of holding up to six substrates, was mounted on a translation
stage and positioned at a distance of 5 cm from the nozzle of
the source. Using a mask placed in front of the substrate, a
5.2-mm-diameter area of the substrate was exposed to the
cluster beam. In this arrangement, the full distribution of
clusters produced in the source was used for deposition.25

The substrate chosen was a naturally oxidized silicon wafer
�SiO2/Si�111��. The degree of coverage of the substrate sur-
face with clusters was controlled by varying the number of
shots of the 50-Hz vaporization laser applied on the metal
target rod �see Table I�. Samples with surface coverage up to
1.7�1016 Pt atoms/cm2 were prepared in order to study the
effect of the level surface coverage on the size of the nano-
particles formed on the SiO2/Si�111� substrate.

The AGISAXS experiments were performed at the
BESSRC beamline 12ID-C at the Advanced Photon Source
�APS� at Argonne National Laboratory using monochromatic
x rays with energies near the L3-absorption edge of Pt �E
=11.564 keV�. Before the scattering measurement, energies
were calibrated by using the absorption edge of a standard Pt
foil. Three detectors were used: an ion chamber for the mea-
surement of incoming beam flux, a pin diode for the trans-
mitted or reflected primary beam, and a 2048�2048-pixel
two-dimensional �2D� MarCCD detector for recording the
AGISAXS images from the sample. The detector was posi-
tioned about 0.9 m from the sample. The incident angle was
kept at 0.14°, close to the critical angle of the SiO2/Si�111�
substrate for total reflection. A beam stop masked the intense
specularly reflected beam and the diffuse scattering along the

posited on a SiO2/Si�111� substrate with different levels of initial surface
shots applied on the platinum rod.� The parameter r0 is the radius and its

h the radius with factor of H /R. The Rg,i and Rg,o represent the radius of
article distance obtained by maximum position of the structure factor is D.

odel Sphere model

D�Å�g,i�Å�b Rg,o�Å�c Rg,i�Å�b Rg,o�Å�b

.4±0.3 4.7±0.2 8.9±0.3 7.1±0.1 20.4±2

.5±0.2 6.6±0.2 9.6±0.3 6.7±0.1 31±3
9.9±0.3 14.5±0.2 19.4±0.3 15.6±0.1
¯ ¯

d28.3±0.3 d27.0±0.3
rs de
laser
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R
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plane of the specular x-ray beam. The 2D data were cor-
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rected for the dark current, nonuniform intensity, and pixel
distortion of the charge-coupled device �CCD� detector. The
camera length was calibrated using a standard �silver behen-
ate� with known lattice spacing.

III. RESULTS AND DISCUSSION

Figure 1�a� shows the geometry of GISAXS. The inci-
dent and exit x-ray beams are characterized by wave vectors
ki and kf defined by the in-plane and out-of-plane angles, 2� f,
�i, and � f, respectively. Figures 1�b�–1�d� show the scatter-
ing from the bare Si wafer, samples 1 and 2, respectively.
The in-plane intensity of the bare substrate in Fig. 1�b� is
comparable to the particle scattering when the particle size is
small and the level of surface coverage is low, as shown in
Figs. 1�c� and 1�d�. This scattering from the surface rough-
ness originates from the contrast between the Si/SiO2 and
the vacuum. Thus it is strongest at the critical angle �c of Si
of about 0.14° and is elongated along the out-of-plane direc-
tion.

We measured nine AGISAXS patterns for all samples
near the L3-absorption edge of Pt from 4 eV above to 192 eV
below the edge, which makes it possible to vary the contrast
for scattering of that particular element. This systematic
variation in contrast yields the partial scattering functions of
the specific atomic species. In general, the atomic scattering
can be expressed as

f�E� = f0�E� + f��E� + if��E� , �1�

where E is the energy of the probing x rays. The parameters
f� and f� are the real and imaginary parts of anomalous dis-
persion. They both vary sharply at energies within 10 eV of
the absorption edge. The imaginary scattering factor f� rep-
resents the absorption of x rays that results in the photoemis-
sion of a core electron.

As has been done in many GISAXS
12–15,18,19

FIG. 1. Scheme of the GISAXS geometry used in the experiment �a� and the
GISAXS images plotted in logarithmic scales for the SiO2/Si�111� substrate
�b�, sample 1 �c�, and sample 2 �d�.
experiments, the interference between the surface
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roughness and the particle scattering is neglected. This as-
sumption is acceptable unless the correlation between the
random surface roughness of the substrate and particle posi-
tion is expected.13 Then GISAXS intensity could be written
as

I�q� = IS�q� + Ip�q� , �2�

where q is the momentum transfer ��q�=4� sin��� /�, where
2� is the scattering angle and � is the wavelength of the x
rays�. IS�q� and Ip�q� are the scattering intensities of the
surface roughness and the particles. If there was a blank
substrate which had the same surface roughness and the
same reflective index with those of a substrate used to sup-
port a sample, IS�q� can be obtained and subtracted. Or when
the coverage is high enough that Ip�q� is much greater than
IS�q�, the background can be neglected. Except for these
conditions, background subtraction is not straightforward.
For low coverage of a particle, IS�q� of a substrate for an
area �LxLy� is defined as20

IS�q� = �nSfS�2LxLySS�q� , �3�

where

SS�q� =
2�

qz
2 �

0

�

dR · R · e−qz
2g�R�/2J0�q�R� . �4�

SS�q� is defined as the scattering function per unit area sur-
face for an isotropic rough surface and is expressed in terms
of qz and q� = �qx

2+qy
2�1/2, which are out-of-plane and in-plane

components of q. The surface roughness is modeled and rep-
resented by the distribution function g�X ,Y��	�z�x� ,y��
−z�x ,y��2
, where z�x ,y� is the height of the surface above
the plane at the coordinates �x ,y�, �X ,Y���x�−x ,y�−y�, and
R��X2+Y2�1/2. nS and fS stand for the average atomic num-
ber density and average atomic scattering factor of a sub-
strate. Thus, the asymptotic behaviors of IS�q� should be
highly dependent on a model of g�X ,Y�. When the coverage
is high enough, IS�q� of a substrate surface typically becomes
negligible compared to Ip�q� of metal particles. If the homo-
geneous film is formed on a substrate making an atomic
scale interface, correlation between the top surface of the Pt
layer and its interface with a substrate should be taken into
account.21 This limit will not be considered here. When N
particles are on the substrate, scattering cross section of the
particles is written as

Ip�q,E� = N„npfp�E�…2Sp�q� , �5�

where Sp�q� is a scattering function of a single particle. np

and fp are the number density of an atom and atomic scat-
tering factor of a particle. On the other hand, when every N
platinum particle is embedded completely in the substrate,
the equation is

Ip�q,E� = N„npfp�E� − nSfS�E�…2Sp�q� . �6�

In this work, the particle is assumed as composed of a single
atomic species.

Since the atomic scattering factors of Si and O are nearly
constant in the energy region of the L3-absorption edge of Pt

which will be designated as EPt, IS�q� is almost x-ray energy
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independent while Ip�q ,E� is not in this energy region.
Simple subtraction of two SAXS curves measured at two
different energies, which will be designated as EL and EH

close to EPt, yields the almost pure �Pt� metal-particle scat-
tering; when particles are on the substrate,

I�q,EL� − I�q,EH� � Id�q� = Nnp
2�fp

2�EL� − fp
2�EH��Sp�q� .

�7�

And when particles are embedded in the substrate, it
becomes8

Id�q� = Nnp
2�fp

2�EL� − fp
2�EH��

��1 −
2nSfS

np�fp�EL� + fp�EH��2�Sp�q� �8�

�in the case of negligible f� correction terms�, which reduces
to

Id�q� = Nnp
2�fp

2�EL� − fp
2�EH��Sp�q� , �9�

if 2nSfS / np�fp�EL�+ fp�EH����1. Simply subtracting the in-
tensities Id�q� in both equations could be simplified to

Id�q� � Nnp
2�2f0,p + fp��EL� + fp��EH���fp��EL�

− fp��EH��Sp�q� = kSp�q� , �10�

where f0,p, fp�, and fp� are f0,Pt, fPt� and fPt� , respectively, in this
experiment, which are three terms of atomic scattering factor
of Pt, and k is an arbitrary scaling factor. In this analysis, we
choose 11.342 and 11.552 keV as EL and EH, respectively.
Variation in f� is responsible for the change in contrast seen
in the ASAXS signals.

Figure 2 shows one-dimensional �1D� profiles measured

FIG. 2. The fluorescence-subtracted horizontal cuts at � f =0.14° for samples
1 and 2 are plotted in �a� and �b�, respectively. The fluorescence-subtracted
vertical cuts at 2� f =1° for samples 1 and 2 are plotted in �c� and �d�. The
circles in �a� represents the particle-scattering subtracted horizontal cut. The
inset in �d� corresponds to the vertical cut at 2� f =0.217°.
at two different energies of 11.342 �EL� and 11.552 keV

Downloaded 08 Dec 2005 to 129.137.201.12. Redistribution subject to
�EH�. Even though it is difficult to see in the images in Fig. 1,
the surface roughness scattering, which is energy indepen-
dent, is easily determined from the horizontal cut at an exit
angle of � f =0.14° exhibiting a power-law slope of about 	2
in this experiment, as shown in Fig. 2�a�. For sample 1, the
particle scattering occurred as a broad vertical rod, which
corresponds to the interparticle distance on a substrate sur-
face and the value is shown in Table I. Its maximum is at
about 2� f =1.7° and displays small energy dependence in the
horizontal cut. For sample 2, the vertical rod moves to a
smaller angle and overlaps with the scattering from the sur-
face roughness, since its intensity is higher than that of
sample 1 for the higher concentrations of particles. The
method used to subtract the fluorescence is explained in the
next section. The vertical cuts at 2� f =0.217° plotted in the
inset of Fig. 2�d� show a clear difference near the critical
angle of � f =0.14°, which means that scatterings at � f

=0.14° are energy independent and are from the surface
roughness. As expected from Eqs. �7� and �9�, anomalous
effects become stronger as the number of Pt atoms on the
substrate is increased. For sample 4, Id�q� was overlapped
with measured I�q ,EL� in a log scale, indicating that IS�q� is
negligible, which is not shown here.

Since the effect of f� occurs as fluorescence, which is
approximately q independent in SAXS region, it is inevitably
measured near the absorption edge. The magnitude of this
effect was calculated and subtracted in Fig. 2 based on the
following: because the surface roughness scattering is negli-
gible at high angle, such as 2� f =1° near peak maxima, all
vertical cuts are fitted with the following equation and the
fractions of fluorescence are determined.

IEm
= mIEL

+ F , �11�

where IEL
and IEm

stand for the scattering intensity at ener-
gies of EL=11.342 keV and Em=11.422–11.568 keV, re-
spectively, F for the fluorescence and m for the factor corre-
sponding to �fEm

/ fEL
�2. At the energy EL, no fluorescence

was assumed. Figure 3 shows that the m values �Fig. 3�a��
and fitted fluorescence �Fig. 3�b�� have maxima and minima
at the edge, respectively.

The extracted signal is then fitted by using the polydis-
persed cylinder model with an assumption of coupling height
with radius, local monodispersed approximation for coupling
of the particle nature and position,24 and distorted wave Born
approximation for the reflection and refraction effects of an
x-ray beam.12,14,15,19 The GISAXS intensities are fitted with
the following equation:

Sp�q� = n�r0,���F�q��2S�q� ,

F�q�,kz
i ,kz

f� = F�q�,kz
f − kz

i� + R�� f�F�q�,− kz
f − kz

i�

+ R��i�F�q�,kz
f + kz

i� + R��i�R�� f�

�F�q�,kz
f − kz

i� , �12�
and
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n�r0,�� =
1

�2�r0�e0.5�2 e−ln�r/r0�2/2�2
, �13�

where S�q� and F�q� are a structure factor and a form factor
of a particle, respectively. The Fresnel reflection coefficient
on the surface of SiO2/Si�111� wafer calculated by the par-
ratt formalism is R. Here kz indicates an out-of-plane com-
ponent of wave vector k and its superscripts i and f are for
the incoming and outgoing directions. The in-plane compo-
nent of the scattering vector is q�. In the equation, the out-
of-plane component qz is shown as ±�kz

f ±kz
i�. The log-normal

size distribution function, n�r0 ,��, is assumed with two pa-
rameters: r0 for radius at a maximum population and � for its
broadness. As a model of a particle, a sphere and an oriented
cylinder were used in this work. The form factor of a sphere
is defined as22

F�q,r� = 4�r3sin�qr� − qr cos�qr�
�qr�3 , �14�

where r is a radius of a particle. Average radii of gyration are
calculated based on fit parameters according to the
definition22

	Rg
2
 =

� Rg�r�2n�r�
�r�2

� n�r�
�r�2
, �15�

where 
 is the volume of a particles. Corresponding average
radii of gyration, which will be designated as Rg instead of
�	Rg

2
, for a sphere is

Rg,X =�� 3/5 · r2n�r��4�r3/3�2

� n�r��4�r3/3�2
, �16�

FIG. 3. The m value �a� and the fluorescence intensity �b� for samples 1
�square�, 2 �circle�, and 3 �triangle� are plotted as a function of x-ray photon
energy.
where X is o and i for out of plane and in plane, respectively.
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The form factor equation of an oriented cylinder is14

F�q,r,h� = 2�r2h
J1�q�r�

q�r

2 sin�qzh�
qzh

exp�− iqzh/2� , �17�

where h is the height of a cylinder. Radii of gyration along
the in-plane direction are calculated with a similar fashion as
defined in Eq. �15� and derived as

Rg,i =�� 1/2 · r2n�r���r2h�2

� n�r���r2h�2
. �18�

For the structure factor S�q�, we used the 2D paracrystal
model �Eq. �19��14 and hard-sphere potential model �Eq.
�20��26 which are

S�q� =
1 − e−2q2�p

2

1 − 2e−q2�p
2

cos�qd̄� + e−2q2�p
2 �19�

and

S�q� = 1/�1 + 24�G�2RHSq�/�2RHSq�� , �20a�

respectively, where �p and d̄ stand for the Gaussian width of
the distance distribution of positions of particles and the av-
erage distance. � and RHS are for the volume fraction of the
particles and their average hard-sphere radius which corre-

sponds to d̄ /2. The G function in Eq. �20a� is defined as

G�A� = ��sin A − A cos A�/A2 + ��2 A sin A

+ �2 − A2�cos A − 2�/A3 + �− A cos A

+ 4��3A2 − 6�cos A + �A3 − 6A�sin A + 6��/A5,

� = �1 + 2��2/�1 − ��4,

�20b�
� = − 6��1 + �/2�2/�1 − ��4,

 = ��/2.

Because clusters are deposited one by one on a surface where
the potential is isotropic along in-plane direction not along
the out-of-plane direction, physically the 2D paracrystal
model14 seems more appropriate rather than those structure
factors which assume certain isotropic potentials and equilib-
rium states. The hard-sphere potential model is used in this
paper, because it gives slightly better fits.

Figure 4 shows the simulated 2D data and best fits of
horizontal and vertical cuts to a polydispersed cylinder and
sphere models. It is noticeable in a GISAXS image of sample
1 in Fig. 2 that the structure factor, which shows up as a
broad vertical rod, occurs in in-plane direction only, which
means particles are sitting on the substrate like an island and
not stacked on each other. Thus, structure factor S�q� is re-
placed with S�q�� in data fitting. Interparticle distance D in
Table I is calculated from the maximum position in the fitted
structure factor not from that in the raw data. A sphere and an
oriented cylinder were tested as representative models of iso-
tropic and anisotropic shapes, respectively. As shown in Eqs.
�14� and �17�, scattering intensity of a sphere is a function of

� 2 2
�q�= q� +qz , while that of an oriented cylinder is a function
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of q� and qz independently. Since sizes of particles along in
plane and out of plane are different as shown in Table I,
simultaneous fitting of horizontal and vertical cuts with a
sphere model was not possible. In this case, those of both
directions are fitted independently. However, when using a
polydisperse cylinder model, both directions could be fitted
simultaneously using this anisotropic model. Thus back-
ground free scattering intensities of Pt particles �without sur-
face roughness scatterings� could be simulated in 2D, as
shown in Figs. 4�a� and 4�b�. Best fits of a polydisperse
cylinder and sphere models are compared in Figs. 4�c� and
4�d�. Since scatterings in the Guinier region are only size
dependent and not shape dependent, intensities at the small-
angle regions are independent of models regardless of
whether the in-plane or the out-of-plane slices are taken,
whereas asymptotic behaviors at high angle regions are not.
In general, at sufficiently high angles, intensity varies as q−n

with an exponent n that depends on the sharpness of the
island.13 It is known that, at q�R or qzH�3.5, n=3 for a
cylinder in the in-plane direction and 2.5 in the out-of-plane
direction. It is 4 and 3 for a hemisphere in both directions,
respectively, and 4 for a sphere regardless of direction.13

Asymptotic behaviors of samples 1 and 2 are considerably
closer to those of a cylinder than a sphere relatively. The
exponent of sample 4 is almost 4 which is a characteristic
exponent of a sphere shape. If this is taken into account, that
of sample 3, which is neither that of a cylinder or a sphere,
seems on the transition from a cylinder �anisotropic� to a
sphere �isotropic� shape. This trend is also found in the size
differences of particles in the in plane and out of direction,
which is discussed below.

Table I shows the summary of the fitting and Guinier

FIG. 4. Plots �a� and �b� show the simulated two-dimensional GISAXS
images of Pt nanoparticles in logarithmic scales for samples 1 and 2, which
are calculated based on the results of simultaneous data fits of the horizontal
�c� and vertical �d� cuts to a polydispersed cylinder model. Fits of a poly-
dispersed cylinder �thick lines� and sphere �thin lines� models are plotted
with arbitrarily scaled horizontal cuts at � f =0.154° �c� and vertical cuts at
2� f =1° �d� for sample 1 �S1�, 2 �S2�, 3 �S3�, and 4 �S4�.
analysis results. Since the reflection and refraction are occur-

Downloaded 08 Dec 2005 to 129.137.201.12. Redistribution subject to
ring along the out-of-plane direction �vertical cuts, Eq. �12��,
the kinematic approach such as Guinier analysis can be ap-
plied to the horizontal cuts. Unless the size of the particle is
large enough �about tens of nanometers�, so that the Guinier
region of the scattering from the particle occurs below � f

=�c,s, Guinier analysis can be applied to the vertical cuts too.
Though they are now shown here, radii of gyration by
Guinier analysis were the same as those calculated from a
fitted distribution functions regardless of models, a cylinder
or a sphere, within 1–2-Å differences. With increasing levels
of surface coverage �increased number of laser shots�, the
size of the particles increases and becomes more polydis-
persed. Interparticle distances �D� become longer rather than
shorter even though the amount of deposited clusters is in-
creased, which also indicates that the islands formed by the
cluster agglomeration become larger. Interestingly, together
with asymptotic behaviors of GISAXS profiles which tell
about the changes of Pt particle shapes as described above,
the relative differences in sizes of Pt particles along the in-
plane and out-of-plane directions, which is a size anisotropy,
were reduced as the coverage of a cluster increased. Al-
though the anisotropy is not so huge, it is obviously distinc-
tive.

This AGISAXS result is understood as the following: A
single Pt cluster which is composed of a small number of Pt
atoms probably has an anisotropic shape or a facet. The clus-
ters are agglomerated to a nanoparticle whose size gets larger
as the amount of the deposited clusters is increased. When
the size of the nanoparticle is small and composed of a single
or low number of clusters, the nanoparticle might still main-
tain the shape of a cluster which probably is far from a
sphere but close to a cylinder or a hemisphere. As more
clusters are agglomerated, being randomly oriented on a sur-
face of nanoparticle, nanoparticles will be larger in size and
isotropic in shape.

These changes of Pt nanoparticles might appear in a dif-
ferent way when they are prepared on a different substrate.
Several studies on Pt particles grown on different substrates
have been published and clearly demonstrated the effect of
the substrate on nanoparticle growth.27,28 In the case of the
-Al2O3�111� /NiAl�110� substrate, which strongly interacts
with a Pt cluster, islands grow epitaxially and their height/
radius ratio does not change.27 On the contrary, on an amor-
phous SiO2, of which the surface energy is about 1.5 J /m2

and is roughly 50% of that of Pt,29 the nanoparticles grow
randomly.28 Our results interestingly tell that Pt islands
grown from clusters on SiO2/Si�111�, of which the surface is
amorphous, has an anisotropic shape rather than an isotropic
form if their sizes are smaller than 1–2 nm.

IV. CONCLUSIONS

In summary, we have demonstrated that AGISAXS is a
powerful method to analyze and interpret GISAXS patterns
containing mixed scattering from surface roughness and
from supported particles. Particle scattering is well separated
from that of surface roughness, as well as from particle fluo-
rescence. The background free particle scattering intensities

obtained by the anomalous technique are then fitted to mod-
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els of polydisperse cylinder and sphere models with DWBA
based theory. The results indicate that the sizes of Pt nano-
particles formed on the SiO2/Si�111� became larger with in-
creasing levels of surface coverage of deposited clusters and
the shapes of the supported particles changed from aniso-
tropic to isotropic, indicating that clusters are agglomerated
on an amorphous substrate.

The AGISAXS techniques allowed the determination of
the particle size and shapes down to the subnanometer scale
regardless of the structure of the substrate surface. Since
AGISAXS extracts the particle scattering signal from the to-
tal, it can be applied to the study of embedded particles in a
film or substrate too. It does not destroy the sample and
requires just a short exposure time if done at a high flux
synchrotron radiation facility. This technique will be very
helpful to in situ experiments where the structure of a sub-
strate or a matrix might be expected to change during in situ
experiments.
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