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Abstract

Laboratory source X-ray scattering set-up has been used to determine the complete morphology and structure of an optically important
composite thin film. Analysis of grazing incidence small angle X-ray scattering, X-ray reflectivity and powder diffraction data of Au/LiNbO; thin
film prepared by sequential deposition of gold and lithium niobate on float glass substrate suggest that the Au-nanocrystallites are dispersed in
amorphous medium, which although have average separation but do not have any long range periodicity other than growth or z-direction. The
morphology of the nanocomposite thin film determined through X-ray scattering measurements agrees well with the measured optical absorption.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

X-ray scattering is an important technique for determining
the structure and morphology of materials in a nondestructive
way [1,2]. Surface sensitive X-ray scattering is particularly
important for thin films and multilayer [2-7]. Specular
reflectivity measurements provide us information regarding
the electron density profile (EDP) of the thin films along the
growth (z) direction and diffuse scattering measurements
provide us large in-plane correlated features. Both specular
reflectivity and diffuse scattering have been extensively used
for last few years mainly for stratified systems. However, for
composite thin films and multilayer, where clusters of
nanometer size are dispersed in a matrix, known as
nanocomposite, it is essential to know the size and shape of
the clusters and their distribution or arrangement in the matrix;
as the properties [8—13] strongly related to its morphology.
Morphological determination of such composite films has been
recently started through newly developed grazing incidence
small-angle X-ray scattering (GISAXS) technique using
synchrotron source and two-dimensional (2D) detector
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[14-18]. However, very few attempted have been made so
far for the GISAXS measurement using laboratory source [19]
even for composite containing clusters of high scattering cross-
section and in large amount. Ceramic thin films containing Au
clusters are one such group of composites, which shows
interesting optical properties and needs detail structural and
morphological understanding.

In this letter, X-ray reflectivity, GISAXS and powder
diffraction measurements using laboratory source X-ray
scattering set-up have been combined to bring out the complete
structure and morphology of a composite thin film, such as Au—
LiNbO; multilayers prepared by sequential sputtering of Au
and LiNbO; targets on float glass substrate. Optical property
was then compared with such morphology.

2. Experiment

X-ray scattering measurements were carried out using a
versatile X-ray diffractometer (VXRD) set-up. VXRD consists
of a diffractometer (D8 Discover, Bruker AXS) with Cu source
(sealed tube) followed by Gobel mirror to select and enhance
Cu Ka radiation (Ag = 1.54 A). The diffractometer has 2-circle
goniometer [6(w) — 260] with 1/4-circle Eulerian cradle as
sample stage. The latter has two-circlular (x and ¢) and three-


mailto:satyajit.hazra@saha.ac.in
http://dx.doi.org/10.1016/j.apsusc.2006.04.017

S. Hazra/Applied Surface Science 253 (2006) 2154-2157 2155

translational (X, Yand Z) motion. Scattered beam was detected
using either Nal scintillation (point) or HI-STAR area (2D)
detector. The specular and off-specular X-ray reflectivity and
powder diffraction measurements of the film were performed
using line source and point detector, while GISAXS measure-
ments were performed for a fixed incidence angle, just above
the critical angle of the film, using point source and 2D detector.
Line source was made point or circular using collimator. All
measurements were performed in reflection geometry. For the
reflectivity measurements 0.2 mm slits were placed on both
sides of the sample, which gives the width of the direct beam
about 0.02° and that decides the resolutions. While for the
powder diffraction measurement slit width has been increased,
this gives the width of the direct beam about 0.04°. However,
the resolution in this case is the convoluted effect of this width
with the separation of peak at an angle due to Cu Ka; and Cu
Ka, wavelengths of different intensities present in the source,
which is about 0.1° for 20 of 40°. For GISAXS measurement,
the HI-STAR detector has been masked to get rid of direct,
specularly reflected as well as beams of low g, values. The
optical absorption measurements of the films were carried out
using UV-vis spectrophotometer (GBC Cintra).

3. Results and discussion

The specular and off-specular X-ray reflectivity data are
shown in Fig. 1. The reflectivity profile shows the value of
nearly one due to total external reflection, then rounding near
average critical wave vector (g.) due to the high absorption,
followed by a sharp decrease due to the surface roughness, and
broad humps due to bilayer separation (dp ). The broad humps
are also visible in the off-specular profiles. Kiessig fringes,
which are the measure of the total film thickness (¢), is almost
absent. This indicates that the top surface roughness of the film
is very high. However, very weak signature of the Kiessig
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Fig. 1. Specular and off-specular reflectivity data of the Au/LiNbO3 multilayer
thin film. Arrow indicates the position of the average g. of the film. Simulated
and best-fit specular reflectivity profiles are for ideal and analyzed EDPs,
respectively. Corresponding EDPs are shown in the inset.

fringes before first broad and sharp hump is observed, which
has been utilized as the starting parameter of film thickness for
the analysis carried out later.

The average critical wave vector (qgcgim ~ 0.053 Afl),
obtained from the reflectivity curve is related to the average
electron density (p) of the film and from that one can extract the
volume fraction of Au in the film using following simple
relation [15]:

2 2
f _ Pfilm — Pmatrix _ 9c film — 9c matrix

2 2
PAu ~ Pmatrix qc.au — 9c matrix

The ¢g. for Au is 0.079 A~" and that for LiNbO; is
0.043 A~ , which provide the volume fraction of Au in the film
as 0.23. To obtain the EDP of the film, the reflectivity data has
been analyzed using Parratt formalism [20] including rough-
ness at each interface [21]. First we try to simulate the
reflectivity profile considering perfect multilayer structure of
the film, i.e. alternate layers of Au and LiNbOj; with bulk
electron density. The thickness was considered 14 and 43 A
respectively, to satisfy the volume fraction (0.23) and also the
bilayer separation (57 A) arising from first sharp peak.
Roughness at each interface was considered same and that
of the substrate (6 A). The simulated reflectivity profile thus
obtained, however, deviates considerably. The major differ-
ences in the simulated reflectivity profile is that there is no
signature of small broad peaks at around 0.17 and 0.27 AL,
also the intensity of the other broad peaks at around 0.12, 0.23
and 0.34 A~ 'is quite high compared to that of the experimental
one.

To obtain the small broad peaks it is necessary to consider
additional periodicity between two bilayers and to reduce the
intensity of the others peaks it is necessary to reduce the
contrast between Au and LiNbO; layers. Considering such
ideology, we have clubbed 15 x 2 layers in three categories:
First 2 layers just after substrate, then repetition of four layers
by six times and on the top four layers. We then allow the
thickness, electron density and roughness of 10 (2 +4 +4)
layers as parameters and the best-fit curve thus obtained are
shown in Fig. 1 along with the analyzed EDP in the inset. The
agreement between the analyzed curve and the experimental
data is fairly good in terms of major features. Analyzed EDP
suggests a strong deviation form ideal multilayer structure,
although still there. The high electron density positions in the
EDP are due to the Au-layers. However, the low value
compared to the density of bulk Au clearly indicates that the
Au-layers are discontinues in x—y plane. If we try to overcome
the discrepancies at large g, values, we have to increase the
number of free parameters, which we have avoided. None-
theless, this essentially means there will be further deviation in
the multilayer structure in terms of quantity, although
qualitatively it may be the same.

Reciprocal space map of the film obtained from GISAXS
measurement is shown in Fig. 2(a). The annular ring, which is
related to the interparticles separation, is clearly evident in the
figure. This also suggests that the multilayer structure is formed
by clusters having definite size, shape and separation. For the



2156 S. Hazra/Applied Surface Science 253 (2006) 2154-2157

-0.2 -0.1 0.0 0.1 0.2

90
70 ] A(alongqy)
= > B(alonggq )
c g A o
:‘f 50 f; L b 4 C(along q)
£ :
&
=
@ i
c Ao
2 2 @
E : 5
DN
O (bo
o) T T T T N T T T T | |4 PR S R R Q "
0.1 0.2 0.3

g(A")

Fig. 2. (a) GISAXS image of the Au/LiNbO; multilayer thin film collected at
fixed incidence angle. (b) Line profiles drawn through GISAXS image in
different directions along with calculated one.

quantitative analysis, line profiles drawn through the GISAXS
image in different directions are used. It was shown that if we
consider spherical clusters of radius R are distributed in the
matrix according to the cumulative disorder having average
separation d, then the diffuse part can be considered arising
from the clusters as [22-24]:

2.2
l—e 2%

1 — 2cos(gd)e 7% 4 e 2%

(sin gR — gR cos gR)*
(aR)°

I cluster X )

where o is the variance of d. Above expression has been used
to get the value of R and d from the GISAXS line profiles.
Calculated line profile along with the experimental line profiles
are shown in Fig. 2(b). The average particle size (2R) and
separation (d) are found to be ~32 £+ 4 and 56 £+ 16 A, respec-
tively, which agrees well with the analyzed EDP (inset of
Fig. 1). The high value (~16 A) of o, suggests that there is
no long-range periodicity between clusters unlike z-direction.

The powder diffraction pattern of the composite thin film is
shown in Fig. 3. The broad diffuse peak at around 25° is the
signature of the amorphous nature and is appearing from the
float glass substrate and the ceramic matrix, while other sharp
peaks are due to the crystalline nature and appearing from Au
crystallites, which have been assigned. The width of the
crystalline peaks is the measure of the crystallites. If A6 is the
full width at half maximum of the diffraction peak at position
26, then the size of the crystallites can be estimated using
Scherrer formula [25], 2R = CAy/(A8 cos ). Neglecting Scher-
rer constant C, which is mainly depends on the shape of the
crystallites and the (hkl) index of the diffraction peak, the
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Fig. 3. Powder diffraction pattern of the Au/LiNbO; multilayer thin film. Broad
diffuse peak is the signature of amorphous, while other sharp peaks have been
assigned to Au-crystallites.

average size of the Au-crystallites is found to be ~54 A for the
strong peak in Fig. 3, associated with (1 1 1) reflection. Powder
diffraction pattern itself suggests the formation of small Au-
nanocrystallites in LiNbO3 amorphous matrix.

Optical absorption spectrum of the film is shown in Fig. 4. A
broad absorption peak observed in the spectrum is due to the
presence of Au nanoparticles in the film. The position (4,) of the
peak at around 620 nm is quite high when compared with normal
surface plasmon resonance of Au-nanoparticles. However, such
deviation has been observed before [26] and can be well
accounted for the large volume fraction of Au in the film.
Considering the contribution of the volume fraction of metal
nanoparticles, the modified Doyle’s expression becomes [27,28]:

2mc
)\'P == a)iD 1

12
(210,)
l1—f

where ¢ is the velocity of light, wp is the Drude plasma
frequency, f is the volume fraction of the metal particles, &,
is dielectric constant of the medium. The size of the particle can
be estimated using the relation, R = ve/Aw, >, where, vgis Fermi
velocity and Aw,, is the full-width at half-maximum of the
absorption peak [29]. The above expressions help us to estimate
R and f using other parameters from the literature [29]. The
value obtained for 2R and f from the absorption spectrum are
31 A and 0.19, respectively, which agrees well with those
obtained from X-ray reflectivity and GISAXS analysis.
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Fig. 4. Optical absorption spectrum of the Au/LiNbO; multilayer thin film.
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4. Conclusion

The complete structure and morphology of a composite thin
film, namely Au-LiNbOj;, where strong scatterers in large
amount are present, have been successfully probed through
laboratory source X-ray scattering measurements, which were
mostly been carried out using synchrotron radiation facilities. It
has been observed that Au-nanoparticles of size ~3.2 nm are
distributed in amorphous LiNbO; matrix in large volume
fraction (~0.23) having average interparticle separation
~5.6 nm but no long-range periodicity other than z-direction.
Optical properties agree well with the size and volume fraction
of metal nanocrystallites in dielectric medium derived from X-
ray scattering measurements.
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