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Morphology of nanocermet thin "lms: X-ray scattering study
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Abstract

The morphology of ceramic}metal (cermet) thin "lms is studied by surface-sensitive X-ray scattering techniques.
Grazing incidence small angle X-ray scattering (GISAXS) experiments carried out at LURE with a 2D detector show that
metal clusters of nanometer size, known as nanoparticles, are dispersed in the thin "lm. Analyses of the X-ray re#ectivity
along with the di!use scattering allow to predict the formation of layers of nanoparticles along the growth direction of
the "lms. The formation of such cumulative-disordered layers in one direction is likely to be related to the boundary
condition in the reduced dimension. ( 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

Small clusters of metallic atoms, known as nanopar-
ticles, are gaining importance for the diverse technical
applications arising from the fundamental physics such
as quantum size e!ects [1,2]. In nanoparticles, the large
surface to volume ratio "nds important applications in
heterogeneous catalysis, heat exchangers and thermom-
eters at ultra-low temperatures and magnetic devices [3].
However, the study of independent nanoparticles is not
very easy due to their high reactivity. This can be over-
come by coating the particles with some polymer or
insulating medium. One can also think of thin "lms, in
which metal nanoparticles are dispersed in an insulating
ceramic matrix (cermets). Technologically, cermets have
been used in solar energy plants to absorb radiation in
the visible and infra-red regions of the solar spectrum [4].
The absorption of radiation depends on the concentra-
tion and nature of the metallic particles in the cermet
"lms. So far, their optical properties have been presented
in detail from an experimental point of view but interest-
ingly their morphology is not really understood. The

morphology is, however, important to predict the di!er-
ent interesting physical properties of that system.

Recently, surface sensitive X-ray and neutron scatter-
ing became extremely powerful techniques to study the
morphology of the thin "lms in a nondestructive way.
Specular re#ectivity, in particular, gives the scattering
density pro"le in the direction normal to the surface of
a thin "lm from which one can get the average "lm
thickness, interfacial roughness and the average position
of the materials along that growth direction [5,6]. Di!use
scattering, on the other hand, is helpful to extract in-
formation about the in-plane correlation of interfacial
roughness [7}9] or composition in thin "lms. Combina-
tion of specular re#ectivity and di!use scattering have
been extensively carried out to determine the structure of,
especially, homogeneous monolayer and multilayered
thin "lms [10}14]. Up to now less work has been done to
study the morphology of heterogeneous (like nanocer-
met) thin "lms [15}18]. The study of heterogeneous
medium such as surfactant dispersed in some solution
has been carried out mostly through small angle scatter-
ing (SAS) in transmission geometry to "nd out the shape,
size, separation and interaction of the surfactants in the
solution [19]. Conventional SAS technique cannot be
used directly in case of thin "lms due to the presence of
the substrate and to the small amount of scattering
material. This has recently been overcome by measuring
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Fig. 1. Schematic of the scattering geometry used to perform
X-ray measurements. Details are given in the text.

the X-ray scattering at grazing incidence angle (GISAXS)
from thin "lms in re#ection geometry [20].

In this contribution we present the morphology of
three nanocermet thin "lms using such surface sensitive
X-ray scattering techniques.

2. Experiment

Cermet "lms of Pt-Al
2
O

3
were made by co-sputtering

the amorphous Al
2
O

3
with the metallic Pt on #oat glass

substrates. Three samples (PAG4, PAG8 and PAG12)
prepared for di!erent durations of time, keeping all other
parameters "xed, are presented here.

X-ray specular re#ectivity and longitudinal and
transverse di!use scattering (called in the following
conventional geometry) were performed using a labo-
ratory source (Philips di!ractometer) of wavelength
1.54 As . GISAXS measurements of the samples were per-
formed using synchrotron source (D22 beam line, LURE)
at energy 7 keV. All measurements were performed in
re#ection geometry, as shown in Fig. 1. The surface
of the sample is located in the x}y plane and the inci-
dent X-ray beam is in the x}z plane. a is the incident
angle with the x}y plane and b and / are the exit
angles with the x}y and x-z planes, respectively. The com-
ponents of the wave vector transfer, q (q

x
, q

y
, q

z
), corres-

ponding to the incident wavelength j are q
x
"

(2p/j) (cos b cos /!cos a), q
y
"(2p/j) (cos b sin /),

q
z
"(2p/j)(sin a#sin b). All measurements made

with the lab source were carried out at /"0 yielding
q
x
"(2p/j) (cos b!cos a) and q

y
"0. For specular mea-

surements a"b"h, so that q
x
"0 and q

z
"(4p/j)(sin h).

For transverse di!use scattering measurements, the scat-
tering angle a#b"2h was maintained at a "xed value.
The synchrotron measurements were carried out at
a "xed incidence angle, a&0.453 (slightly greater than
the critical angle, a

#
, of the "lm), using a two-dimensional

(2D) detector "xed in y}z plane. The specular re#ectivity
was masked to avoid the saturation of the detector. It is
interesting to comment on the di!erence between the two
sets of measurements. Firstly, in conventional geometry,
scans are measured with a varying incident angle whereas
GISAXS measurements are performed at "xed incident
angle. In GISAXS measurements the illuminated area is
therefore constant and the penetration depth depends on
the chosen incidence. Secondly, in GISAXS measure-
ments, the specular re#ectivity is not measured and the
di!use scattering is collected over a very large area in
reciprocal space which mainly depends on the sample to
detector distance. This gives the possibility to measure
very short correlation lengths (typically m(100 As ) and
more importantly the anisotropy of the scattering is
determined. This is extremely useful to get information
about the way nanoparticles are located in the thin
"lm. In conventional geometry, the measurement of

di!use scattering is only valid up to the location of the
Yoneda wings. As they are usually found around
q
x
(5]10~3 As ~1, the analysis of di!use scattering in

this geometry usually gives access to large correlation
lengths (10 lm'm'100 As ). The two sets of measure-
ments are therefore very complementary in the sense that
conventional measurements give information about the
morphology in the direction normal to the surface and
about large correlated features in the plane of the interfa-
ces and GISAXS measurements probe small correlation
lengths anywhere except in the specular direction.

3. Results and discussion

Reciprocal space maps of the "lms obtained from
GISAXS measurements are shown in Fig. 2. All the
images show the presence of a highly intense region close
to the centre followed by a nearly elliptical ring. The
intensity collected close to the centre corresponds to the
scattering near the critical angle of total external re#ec-
tion and will be ignored in the following. The intense
annular ring can be considered as the scattering from Pt
clusters present in the "lms. The distance of the ring from
the origin is related to the average separation of the
cluster particles in a particular direction. The shape of
the ring is related to the shape, size and distribution of
the particles in the "lms. Since the ring is elliptical it
means that the average separation between particles
along z is greater than that along x}y plane. Similarly the
shape being almost identical in any direction indicates
that the particles are nearly spherical. One can also
clearly observe that the intensity of the ring increases
with the thickness of the samples.

The specular X-ray re#ectivity and longitudinal o!-
specular (o!-set 0.123) scattering are shown in Fig. 3. All
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Fig. 2. GISAXS images at a "xed incidence angle of the three
nanocermet thin "lms: (a) PAG4, (b) PAG8 and (c) PAG12.

Fig. 3. Re#ectivity (L) and longitudinal di!use scattering (e)
data of the three nanocermet thin "lms in three di!erent panels:
(a) PAG4, (b) PAG8 and (c) PAG12. Solid lines passing through
the re#ectivity data are the best "t curves obtained for the EDP
shown in the inset of each panel. Solid lines passing through the
di!use scattering data are the calculated curves using Eq. (4) for
the same set of parameters as for Fig. 5.

the re#ectivity curves follow the same behaviour: for
q
z
(0.054 As ~1, the re#ectivity is nearly one due to total

external re#ection; near q
z
&0.054 As ~1, there is a round-

ing of the re#ectivity curve due to the high absorption,
followed by a sharp decrease due to the surface rough-
ness; for q

z
'0.054 As ~1, there are oscillations, known as

Kiessig fringes which are due to the total "lm thickness.
The separation between consecutive fringes is inversely
proportional to the "lm thickness. A broad hump around
q
z
&0.124 As ~1 is observed in all re#ectivity curves.

A similar hump is also observed in each of the o!-
specular scattering curve. However, its intensity is about
two orders of magnitude less compared than that of the
specular one. The transverse di!use scattering data
around two specular positions (q

z
"0.124 and 0.25 As ~1)

for the three "lms are shown in Fig. 4. All the transverse
curves show the presence of a sharp specular central
component dominating the low di!use scattering. Di!use
scattering normalised to specular value is observed to
increase with the "lm thickness.

The average critical wave vector (q
#
) is related to the

average electron density (o) of the "lm and from that one
can extract the volume fraction of Pt in the "lm using

simple relation

x"
o
&*-.

!o
.!53*9

o
P5
!o

.!53*9

"

q2
#, &*-.

!q2
#, .!53*9

q2
#, P5

!q2
#, .!53*9

. (1)

The q
#

for matrix (Al
2
O

3
) and Pt are 0.041 and

0.083 As ~1, respectively. So the volume fraction of Pt for
the present cermet "lms having average q

#
&0.054 As ~1

is 0.24.
In the kinematical approximation, the scattering inten-

sity which is measured in the experiment is the square of
the total scattering amplitude and can be written as

I(q)"KPo(r)e~*q.r drK
2
, (2)

where o(r) is the electron density of the "lm at position r.
For a heterogeneous thin "lm, where metal clusters
are randomly distributed in the amorphous matrix, the
above electron density can be written as [17,21,22]

o(r)"Co.!53*9
#*o+

i

d(r!r
i
)?S

#-645%3
(r
i
)DSF

(r), (3)
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Fig. 4. Transverse di!use scattering of the three ((L) PAG4, (n)
PAG8; and (e) PAG12) nanocermet thin "lms at two di!erent
q
z

values.

Fig. 5. Di!use scattering along di!erent directions obtained
from GISAXS measurements of the three ((L) PAG4; (n)
PAG8; and (e) PAG12) nanocermet thin "lms: (a) along q

y
for

"xed q
z
, (b) along q

z
for "xed q

y
and (c) along 453 with q

y
and q

z
.

Solid lines are the calculated curves using Eq. (4) and corre-
sponding parameters are listed in Table 1.

where *o"o
#-645%3

!o
.!53*9

, S
#-645%3

(r
i
) is related to the

shape and size of the ith cluster at a position r
i
and S

F
(r)

is related to the limited dimension of the "lm, which
basically dictates the integration limit of Eq. (2). Consid-
ering the case of limited dimension, the scattered inten-
sity can be split into two terms: one only along the
specular direction and the other di!use in all directions.
If we consider that spherical clusters of radius R are
distributed in the matrix according to the cumulative
disorder having average separation d, then the di!use
part can be considered arising from the clusters as

I
#-645%3

J

(sin qR!qR cos qR)2

(qR)6

]
1!e~2q2p2

d

1!2 cos(qd)e~q
2p2

d#e~2q2p2
d

, (4)

where p
d

is the variance of d. In actual calculation one
has to consider the variance of R as well. Eq. (4) has been
derived considering spherical shape and the isotropic
distribution of the particles and neglecting the limited
dimensional e!ect of the "lm. Limited dimension along
z of the "lm will modify the value of I

#-645%3
especially in

the specular direction and can be considered as same in
all other directions. However, in practice this may not be
the case if the distribution and/or shape of the particles
are not spherically symmetric and one has to modify the
equation accordingly. To have a clear look at this sym-

metric (or asymmetric) behaviour we have plotted line
pro"les in three di!erent directions on the GISAXS im-
ages, as shown in Fig. 5. This "gure shows clearly the
increase of interparticle separation with the thickness
and the larger separation along z compared to that along
x}y plane. Considering di!erent value of d (d

z
and d

xy
) as

well as R (R
z

and R
xy

) along z and in-plane, respectively,
we have calculated the scattering intensity using Eq. (4).
The calculated intensity is shown in Fig. 5 and the para-
meters used for the calculation are listed in Table 1.
Analysis shows that the separation of the particles along
z is not only more than that along x}y plane but the size
of the particles along z is slightly larger than that along
x}y. This indicates that the shape of the particles is
ellipsoidal with the elongation along the z-direction. It
can be noted from the image and the results listed in
Table 1 that the size and the separation of the particles
are increasing slightly with the increase in the "lm thick-
ness. Increase in the size of the metal particles was ob-
served in metal thin "lm with growing time [23,24] which
indicates the dynamical behaviour of the "lms. However,
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Table 1
Parameters of the nanocermet thin "lms obtained from the analysis of the X-ray scattering measurements!

Sample 2R
xy

(As ) 2R
z

(As ) d
xy

(As ) d
z

(As ) d
L

(As ) D (As ) p
5
(As )

PAG4 28.2 (3.0) 32.0 (6.5) 38.5 (8.0) 52 (12) 52 303 11.3
PAG8 31.0 (3.5) 34.8 (8.0) 42.0 (8.6) 52 (13) 54 625 13.7
PAG12 31.0 (3.5) 35.4 (8.0) 42.8 (9.0) 53 (14) 55 842 14.3

!Note: The variance of the parameters are given within parenthesis.

unlike simple metal thin "lm, the metal nanoparticles in
cermet "lms probably cannot grow too much due to the
presence of the insulating matrix. It is also interesting to
note that the shape of the nanoparticles in metal thin
"lms was found to be ellipsoidal with an elongation in the
x}y direction due to the wetting/nonwetting properties of
the metal with the substrate [24], while ellipsoidal par-
ticles elongated along z were found in these cermet thin
"lms which may be due to the presence of the ceramic
matrix.

Let us now concentrate on the specular direction. As
mentioned above there is a broad hump around
0.124 As ~1 (Fig. 3) which is close to the position of the
annular ring observed in the q

z
-direction in Fig. 2. We

believe that the observation of this hump is related to
presence of the metallic particles. However, since the
transverse di!use scattering (Fig. 4) is strongly peaked at
the specular position, the particles must be arranged in
such a way that the scattering from the particles is stron-
ger for q

x
"q

y
"0. This can only happen if we consider

the formation of layering of particles along q
z
. In that

case, one can calculate the scattering along q
z
, i.e. specu-

lar re#ectivity by using the matrix technique in a similar
way to what is done in a multilayer. In order to calculate
the re#ectivity we divide the "lms into slabs having
di!erent electron density. As a starting value, we consider
the "lms having layers alternatively rich and poor in
electron densities and the separation between two con-
secutive rich (or poor) layers is such that it gives rise to
the hump (at &0.124 As ~1) in the re#ectivity curve. EDP
obtained from the "tting of the re#ectivity data is shown
in the inset of Fig. 3. The total "lm thickness (D), the top
surface roughness (p

5
) and the separation (d

L
) between

"rst and second layers of particles for all the three "lms
obtained from the EDP are listed in Table 1. The x}y
average compositional variation (Pt fraction) along z-
direction of the "lms is also labeled in the inset of Fig. 3.
For all the "lms the compositional pro"le shows strong
variation in composition close to the substrate with al-
most constant composition in the top portion of the
"lms. The variation in the compositional pro"le can be
explained in terms of the formation of layering of par-
ticles. The growth of the "lm starts from the solid smooth
substrate and such a boundary condition helps to form
most of the "rst nanoparticles in a given x}y plane. This

boundary condition is necessarily relaxed during the
growth process since all the particles do not have exactly
the same radius and the same interparticle separation. As
the growth process continues the particles which are "rst
well stacked in the z-direction become more and more
disordered. The "rst layer close to the substrate is due to
particles which have variation in the z-direction mainly
due to the substrate roughness and which have some size
and its variance. The location of the second layer with
respect to the "rst one is mainly dictated by the average
particle separation along the z-direction. The broadening
of the layer can be attributed to the variance in separ-
ation. Variance in separation between the particles
makes the x}y average z-position of the particles almost
random after few (3}4) layers which in turn gives rise to
a constant electron density.

4. Conclusion

We exploit surface sensitive X-ray scattering measure-
ments to bring out the morphology of nanocermet thin
"lms in a nondestructive way. Pt-Al

2
O

3
cermet thin

"lms of di!erent thickness were deposited on glass sub-
strates by co-sputtering Pt and Al

2
O

3
for di!erent dura-

tions of time. GISAXS of the "lms were carried out using
synchrotron source, which shows that the "lms are made
of ellipsoidal nanoparticles of Pt elongated slightly along
z, distributed in the amorphous alumina matrix. The
average separation of the particles along z is found to be
more than that in the in-plane direction. Specular X-ray
re#ectivity and di!use scattering of these "lms were also
carried out using lab source shows the layering of par-
ticles along the growth (z) direction of the "lm. The
layering of particles is prominent close to the substrate
and decays gradually with the thickness of the "lm. Such
layering of the particles close to the substarte is likely to
be related to boundary condition of the substrate. The
nucleation of the Pt starts from the substrate after co-
sputtering of the materials, so the smooth substrate is
likely to help to form all the particles in a x}y plane close
to substrate. As the growth continues the formation of
particles in the z-direction become random due to the
relaxation of such a boundary condition. The size and
separation of the particles is found to increase slightly
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with the "lm thickness, which may be related to the
dynamics of the growth process.
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