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Probing the average size of self-assembled metal nanoparticles using x-ray standing waves
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We report application of x-ray standing-wave field for characterization of average vertical size of metal
nanoparticles dispersed on a substrate surface with accuracies better than 1 nm. This method is applied to
analyze the distribution of Fe, Co, and Au nanoparticles on Si substrate and W/C multilayer substrates. Results
demonstrate that the method is a valuable tool to evaluate the surface morphology of nanoparticles over a large
surface area. Unlike conventional probes such as atomic force microscopy or microinterferometry, the present
method provides element-specific analysis. It also has the advantage of being able to examine nanoparticles in
a liquid medium, or buried inside a coating layer. We anticipate that the proposed method has great potential

to infer the internal structure of nanoparticles.
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I. INTRODUCTION

Dispersion of metal nanoparticles on flat surfaces has at-
tracted considerable interest in many nanotechnology, bio-
technology, and semiconductor quantum dot applications.'-
Such patterned nanostructures are of great importance in fab-
ricating novel electronic, magnetic, and photonic devices.*%
In particular, molecular printing of nanoparticles is high-
lighted as a method for creating an organized precursor
structure on a substrate surface for locating nanowires and
carbon nanotubes. The nature of self-assembly of nanopar-
ticles on any flat surface is often inspired by ordering kinet-
ics and nanoparticle’s dynamics, irrespective of whether the
distribution thus formed is a monodispersion or a complex
agglomerate of nanoparticles, which is determined by the
minimum free energy in equilibrium conditions. Scanning
electron microscopy (SEM) and atomic force microscopy
(AFM) are the most commonly used techniques for visual-
ization of distribution of nanoparticles on substrate surfaces.
The information of average particle size is determined by
recording several images at various locations of the speci-
men, which is often time consuming. These techniques,
moreover, do not provide any information about the physical
and chemical state of the nanoparticles and their locations
with respect to the substrate surface. Adequate characteriza-
tion of nanoparticle’s distribution on flat surfaces is impor-
tant in many applications. This type of analysis often appears
to be very challenging and sometimes requires complemen-
tary methods to infer details of the surface morphology and
chemical compositions of the nanoparticles.

X-ray standing-wave (XSW) fields generated by mirror
surfaces under total reflection conditions or by synthetic
multilayer structures under strong Bragg reflection condi-
tions have been extensively exploited in surface condensed-
matter physics for the characterization of heavy ions depos-
ited on the surfaces of organic monolayers, in polymer
films,”~ and in thick Langmuir-Blodgett films.'” In most ap-
plications, XSW technique has been used to determine the
location (z) and the width of distribution {(z2)!/? of the atomic
impurities in an overlayer. It has been demonstrated that
XSW method can determine these quantities with an accu-
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racy of 1%—2% of the XSW period.!! So far, structural char-
acterization of metal nanoparticles using XSW method has
not been reported in the literature. We show that the XSW
technique can be used to determine the vertical sizes of metal
nanoparticles on a substrate surface. The method provides a
possibility to analyze the internal structure and chemical
composition of a nanoparticle. In a previous work,'?> we
demonstrated that using the XSW field in a total external
reflection condition, it is possible to determine the average
vertical size of nanoparticles ranging from 30 to 100 nm and
their nature of dispersion over a large surface area on a sub-
strate. It was shown that XSW fluorescence profile of the
nanoparticles strongly varies if distribution of the nanopar-
ticles on the substrate surface contains monodispersed par-
ticles or agglomerates of the nanoparticles. As will be dem-
onstrated below, this method 1is, however, limited in
application to nanoparticles of size less than 30 nm.

In this paper, we report a methodology for determining
the size distribution of nanoparticles smaller than 30 nm. The
method wuses the XSW fields generated by synthetic
multilayer structures under Bragg conditions. Using
multilayer structures as a substrate, one has the flexibility of
tailoring the XSW period in the range of 3—10 nm by select-
ing appropriate thicknesses of the high and low Z layers of
the multilayer. Moreover, variable-period XSW field can be
generated by the multilayer surface below the critical angle,
providing the possibility to analyze nanoparticles of sizes
ranging from 30 to 100 nm. The applicability of the present
method has been demonstrated by numerical simulations and
by measurements.

II. EXPERIMENTAL DETAILS

Monodispersed distribution of Fe, Co, and Au nanopar-
ticles on a Si and a W/C synthetic multilayer surface was
obtained using the spin coating method. The nanoparticles
were first dispersed into toluene solution using ultrasonic
dispersion. 1%—-3% oleic acid was added to this solution as
an antiagglomeration agent. The nanoparticle solution was
then directly employed for spin coating. After the coating
process, the samples were heated to ~100 °C for 30 min to
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FIG. 1. (Color online) A schematic of x-ray standing-wave-
induced fluorescence measurement of metal nanoparticles deposited
on top of a multilayer surface.

remove the organic components from the nanoparticle films.
This procedure produced uniform distributions of the metal
nanoparticles over large surface areas of the substrates. The
uniformity of the distributions was confirmed by atomic
force microscopy, scanning electron microscopy (SEM, Phil-
ips XL30 LEG), and microinterferometric measurements. An
AFM system (Danish Micro Engineering Ltd) operating in
ac (intermittent contact) mode was employed to study the
surface topography of the samples over regions of ~2 um
X2 upm. Different regions of the sample surfaces were in-
vestigated using computer-controlled sample translation
stages. For microinterferometer measurements, a MicroXAM
(ADE Phase Shift/KLA Tencor) instrument operating in
phase-shifting interferometric PSI mode in conjunction with
a 50X Mirau objective lens was employed. XSW measure-
ments were carried out at the B16 Test beamline at Diamond
Light Source.'* Monochromatic x rays of 8 and 12 keV from
a Si(111) double-crystal monochromator were used to excite
the fluorescent x rays from the nanoparticle samples at graz-
ing incidence angles. As illustrated schematically in Fig. 1,
fluorescent x rays emitted from the metal nanoparticles were
detected by a vortex spectroscopy detector placed normal to
the sample surface. The emitted x rays were measured
through a 2-mm Al collimator to maintain a constant solid
angle of detection at various incident angles. An avalanche
photodiode detector capable of measuring very high count
rates and having a large dynamic range was employed to
record the intensity of the reflected x rays.

III. THEORETICAL DETAILS

The normalized x-ray field intensity /; (6,Z) in layer j of
a multilayer structure at depth Z (measured from the inter-
face above) is given by'*
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where E} and E]’ are the incident and reflected field ampli-
tudes, respectively, at the top of layer j and »(6) is the phase
of the E-field ratio E;./ E}."S ki and kj_, respectively, repre-
sent the real and imaginary parts of the z component of the
incident wave vector. The average x-ray fluorescence inten-
sity emitted from the metal nanoparticles distributed on a
multilayer surface can be evaluated by

‘ K, HME
14(6) = Jo 1y(6,2) X f(z) X exp| - “in 6+m X z |dz,
(2)

where d is the average vertical size of the nanoparticle layer.
z is the relative distance measured from the top of the nano-
particle, f(z) is the mass fraction of the nanoparticles at
depth z on the substrate surface, and || gf(z)dz=1. Iy (0,2) is
the XSW field intensity above the multilayer surface. ug
and ug are the x-ray absorption coefficients for the nanopar-
ticle material at the excitation energy E(, and emission energy
E of the detected element. @ is the takeoff angle of the
emitted fluorescent x rays (®~90°). For nanoparticles of
spherical shape, the integral of Eq. (2) can be approximated
as!2

2d/3 IU“EO e
146) I5(6,7) X exp| — + Xz |dz.
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In the derivation of the above equations we have assumed
that the nanoparticles are dispersed in the form of a mono-
layer but are sufficiently apart so as not to form a continuous
layer structure. Moreover, we have ignored any perturbation
to the XSW field intensity arising from scattering of the in-
cident x rays from the nanoparticle layer. It should be noted
that the maximum height that can be expected to have well-
defined XSW fields in a triangular region above the
multilayer surface, where incident and reflected beam cross
each other, depend on the longitudinal or temporal coherence
length of the incident radiation.'® This height typically
ranges in few hundreds nanometers (ca. 300-800 nm).

IV. RESULTS AND DISCUSSION

In order to investigate the validity of average size deter-
mination of small nanoparticles (=30 nm) using the
multilayer-assisted XSW field [Eq. (3)], we have performed
numerical simulations. Figure 2(a) depicts the calculated
x-ray field intensity in a W/C multilayer (D=11.5 nm, struc-
ture factor=0.348, N=10 layer pairs) and Fig. 2(b) gives the
incident angle dependence of the x-ray fluorescence intensity
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FIG. 2. (Color online) (a) The contour plot of x-ray field inten-
sity distribution in a W/C multilayer structure as a function of inci-
dence angle and the depth z of multilayer medium at x-ray energy
of 8.0 keV, (b) Calculated fluorescence profiles of Fe nanoparticles
deposited on top of a W/C multilayer, with different particle size
distributions and area concentrations. The W/C multilayer em-
ployed in the present paper consists of an additional capping layer
of carbon of thickness 6 nm, which helps in protecting the degra-
dation of the upper layers of multilayer structure, arising due to
oxidation or chemical treatment used in depositing nanoparticles on
its surface.

profile for Fe nanoparticles of different sizes. In the contour
plot of x-ray field intensity in Fig. 2(a) it can be seen that
XSW fields of various periodicities are produced above the
multilayer surface below the critical angle and across the
Bragg regions. Figure 2(b) shows that by progressively de-
creasing the nanoparticle size to 100-30 nm, small modula-
tions in the fluorescence profile appear below the critical
angle. As the particle size further reduces, the amplitudes of
fluorescence modulations increase toward the highest pos-
sible value of four and the modulations across the Bragg
regions become more sensitive to the particle size. For par-
ticles larger than 100 nm, interference effects vanish and the
fluorescence intensity is then simply given by the sum of the
contributions of the individual excitations from the incoming
and reflected beams. In these calculations, the surface density
of the nanoparticles is assumed to vary from 0.12 ug/cm? to
0.6 ng/cm?.
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FIG. 3. (Color online) (a) Measured and calculated angle-
dependent x-ray fluorescence profiles of Au nanoparticles present
on top of Si substrate at x-ray energy of 12.0 keV. The curves of
Au La fluorescence have been normalized at an incidence angle of
0.6°. (b) Measured and fitted x-ray reflectivity profiles are shown.
The insets, respectively, show the AFM image and layer configura-
tion of the distribution of Au nanoparticles on Si substrate.

Figure 3 shows the measured x-ray fluorescence yield and
reflectivity versus the incident angle for a layer of 5-nm Au
nanoparticles on a Si substrate surface. From Fig. 3(a) it can
be seen that the fluorescence profile of the AuLa shows
strong peaking behavior in the vicinity of the critical angle of
the Si substrate (6,=0.148°). This peaking behavior arises
from the coincidence of the first XSW antinode with the
volume of the nanoparticles. The period of the XSW field
under total external reflection condition is given by A
=\/2 sin 6. As one decreases the incidence angle below 6.,
the XSW antinode moves upward in the air and also the
XSW field period expands accordingly. At the critical angle
the first XSW antinode lies exactly at the air-substrate inter-
face and the period of the XSW is defined to be the critical
period A.,'® which is inversely proportional to VN,XZ,,
where N, and Z, are the atom density and atomic number,
respectively, of the reflecting surface. When the particles are
much smaller than A_, which is about 20 nm for Si, the
coincidence of the first XSW antinode with the particles can
only occur very near the critical angle. Figure 3(a) further
shows that the fluorescence profiles appear essentially the
same for particles of size <12 nm. Thus, using the long,
variable period XSW generated under a total external reflec-
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tion condition it is difficult to estimate the average size of
small nanoparticles. The inset in Fig. 3(a) shows an AFM
measurement for the monodispersed Au nanoparticles. AFM
images taken at several locations on the substrate surface
gave an average size of 5+ 1 nm for the Au nanoparticles.
The x-ray reflectivity measurement in Fig. 3(b) shows a criti-
cal angle, which matches with the critical angle of the bare Si
substrate rather than that of a 5-nm-thick continuous Au
layer. This confirms that the Au nanoparticles are sparsely
distributed on the Si substrate surface. A detailed fit of the
x-ray reflectivity profile further reveals the formation of a
Si0,-like low-density layer of ~4.6 nm thickness and
~1.4 nm roughness. This low-density SiO, layer is expected
to form on the Si substrate surface during the spin coating
process.

The measured and fitted angle-dependent x-ray fluores-
cence profiles for the Fe and Co nanoparticles deposited,
respectively, on a Si and a W/C multilayer surfaces are
shown in Fig. 4. In Fig. 4(a) the average vertical size of the
Fe nanoparticles is determined to be 30+ 1.5 nm using the
variable-period XSW generated by the Si mirror in the total
external reflection condition. It can be seen that even if the
particle height is larger than A, one observes only a single
period of the modulation in the fluorescence profile, which
peaks well below the critical angle. The second period of the
modulation is barely visible in the vicinity of the critical
angle of the substrate. When these Fe nanoparticles are dis-
persed on the W/C multilayer surface [Fig. 4(b)], one can see
distinctly the second peak in the fluorescence profile below
the critical angle of the multilayer substrate (6,~0.345°).
Compared to Fig. 4(a), the observation of two peaks in Fig.
4(b) results from the fact that W/C multilayer has a much
smaller A, (~12 nm) than Si substrate, allowing the second
XSW antinode to reach the Fe nanoparticles far below the
critical angle. For the Co nanoparticles of 6 nm size [Fig.
4(c)], which is about twice the amount smaller than the XSW
period (=multilayer D spacing) of the first-order reflection of
the multilayer (11.5 nm), the fluorescence profile changes
remarkably across the angular range of the first Bragg peak
[cf. Figs. 4(b) and 4(c)]. Below the critical angle, because the
particle size is smaller than A, of the multilayer surface, one
observes a single peak in the fluorescence profile with its
intensity maximum close to antinode intensity (~4 times).
Figure 4 thus shows that the particle height can strongly
influence the modulation in the fluorescence profile either
below the critical angle or across the Bragg reflection re-
gions.

The best fit to the data in Fig. 4(b) yields an average
vertical size for the Fe nanoparticles on the W/C multilayer
surface of 29.0 = 0.6 nm. Because of the presence of several
modulation peaks in the fluorescence profile one obtains
greater accuracy in the particle size determination. The SEM
measurements (insets in Figs. 4(a) and 4(b)) clearly indicate
monodispersion of the Fe nanoparticles on the Si and W/C
multilayer substrate surfaces. For the Co nanoparticles the
average size is determined by the multilayer-assisted XSW
measurement [Fig. 4(c)] to be 6.5+0.5 nm. We could not
analyze these particles with SEM because of the spatial res-
olution limit of the SEM instrument. Using a microinterfer-
ometer [inset in Fig. 4(c)] we measure the size of the Co
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FIG. 4. (Color online) Measured and fitted angle-dependent
x-ray fluorescence profiles for Fe and Co nanoparticles at x-ray
energies of 8.0 and 10.0 keV. (a) Fe nanoparticles on top of a Si
substrate, (b) Fe nanoparticles on top of W/C multilayer mirror
(D=11.5 nm, structure factor=0.348, N=10 layer pairs), and (c)
Co nanoparticles on top of W/C multilayer. The fluorescence curves
have been normalized at the value at high incidence angles (as in
Fig. 3). The insets show the SEM and microinterferometer images
for Fe and Co nanoparticles.

particles to be 5+ 2 nm, which matches very well with the
values obtained by XSW. Table I summarizes the results of
all the measurements. We could not use the W/C multilayer
substrate for the characterization of the Au nanoparticles be-
cause of the strong overlap of Au La with the W L fluores-
cence lines. To overcome such problems, we plan to use
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TABLE 1. Determined average vertical sizes for the various
metal nanoparticles using XSW, AFM, and microinterferometry
techniques.

Particle size (nm)

Other methods

Nanoparticle  Long period Multilayer (AFM and optical
material XSW field XSW field interferometer)
Fe 30£1.5 nm 29.0+0.6 nm 3122

Co Not sensitive  6.5+0.5 nm 5.0x2

4Reference 12.

multilayer structures comprising of medium Z elements such
as Mo/Si or Nb/C, for future studies.

V. CONCLUSIONS

On the basis of the above results, we conclude that the
method presented here provides an accurate and fast way to
determine the average vertical size of metal nanoparticles
dispersed on substrate surfaces. Furthermore, we have shown
that the sparsely distributed metal nanoparticles on top of a
mirror substrate do not form a continuous layer structure,
and instead it only increases the effective surface roughness
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of the substrate. A single measurement is sufficient to deter-
mine the aggregate average size of the nanoparticles over
large surface areas, obviating the need to perform several
measurements over small regions of the specimen, as is com-
monly required in more conventional probes. The method, in
addition, benefits from all the features of x-ray fluorescence
technique. Thus, it would be applicable, with equal ease, for
analyzing all kinds of metal and metalloid mixture nanopar-
ticle distribution on a flat surface, for their surface morpholo-
gies and chemical compositions. The method does not de-
pend on the crystalline or amorphous nature of the
nanoparticles. We predict widespread applications of our
method, especially for analyzing nanostructure materials for
their structural and electronic properties, if depth-sensitive
advantage of x-ray standing-wave method is coupled with
other analytical techniques, for example, x-ray photo elec-
tron spectroscopy, x-ray diffraction, and auger electron spec-
troscopy.
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