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Particle layering in the ceramic-metal thin film Pt-Al 2O3
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Experiments performed by x-ray reflectivity, grazing incidence small angle x-ray scattering~GISAXS!, and
transmission electron microscopy~TEM! on a cosputtered nanocermet thin film of Pt-Al2O3 are presented. It
is shown that the morphology of such a heterogeneous material can be well interpreted by combining the
information obtained from the three techniques. In particular, the layering of metal nanoparticles in the imme-
diate vicinity of the substrate is clearly evidenced. GISAXS results are interpreted via a model which yields
spherical nanoparticles of diameter 2R53.1 nm, separated on the average by a distance of 5.8 nm. The
evidence for the layering of particles close to the substrate is deduced from the analysis of the specular
reflectivity and probed directly by TEM.
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Ceramic metal~cermet! thin films are presenting consid
erable interest as useful devices to absorb radiation in
visible and near infrared region of solar spectrum. They h
already been used in solar plants and they could be use
the future as smart coatings for windows or as nonlin
optical devices. It is now well known that cermets are ma
of metal nanoparticles which can coexist in an insulator m
trix such as alumina~Al 2O3) or silica (SiO2) in any propor-
tion. The presence of such confined metal particles in die
tric matrix changes the physical properties of the system1–3

Cermets absorb the radiation of solar spectrum mainly
cause of their heterogeneous structure and for this reaso
determination of the structure and morphology is becom
increasingly important. Recently, grazing incidence sm
angle x-ray scattering~GISAXS! has proved to be invaluabl
for analyzing both the size distribution and the spatial lo
tion of nanoobjects in directions parallel and perpendicu
to the surface of the film with the exception of the specu
direction.4 Up to now, the complete structure of such film
remains unknown mainly because the arrangement of
metal particles in the direction normal to the surface~called
the z direction! is not yet understood. In thin films, meta
particles are confined in thez-direction so that their spatia
repartition along this direction can be fairly different fro
the in-plane one. In addition, the morphology of these fil
may differ from one region to the next so that only a sta
tical approach is relevant.5 In confined geometry, layering o
particles or molecules close to interfaces has been rece
reported in different systems such as liquid metals, polym
and in molecular liquids deposited on a flat substrate.6–10 In
liquid metals, the layering occurs at the liquid-air interfa
whereas in the recent study of thin films of tetrakis~2-
ethylhexoxy! silane, the layering of the molecules was fou
at the solid-liquid interface. The technique which is used
probe the layering in both cases is x-ray reflectometry.
deed, such a technique is undisputed to determine the e
tron density profile~EDP! in the z direction, normal to the
surface of thin films. In particular, it is possible in the case
0163-1829/2001/63~19!/193407~4!/$20.00 63 1934
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weakly interacting materials to interpret normalized specu
x-ray reflectivity dataR/RF (RF is the absolute reflectivity of
the substrate! as the Fourier transform of the Patterson fun
tion P(z) of the derivative of the electron density. It can b
shown that

P~z!5E ]r~z1s!

]s

]r~s!

]s
ds⇒ R~qz!

RF~qz!
5FT@P~z!#.

~1!

The signature of the layering is obvious when oscillatio
having nothing to do with the finite thickness of the film a
observed in the normalizedtrue specular reflectivity. Since
the Patterson function just gives the mean distance betw
immediate neighbors but does not give the exact location
the molecules or particles involved in the layering, dire
probes are then necessary to strengthen the conclus
drawn from x-ray reflectivity analysis. In particular, whe
one comes to define the exact location of the layering, s
probes are essential. In liquids, direct structural probes wh
have been used to evidence the layering are the meas
ments of the force between two mica plates separated by
molecular liquid, ellipsometric measurements, and compu
simulations. So far, the layering in cermets has been infe
by x-ray measurements11,12 but has never been evidence
directly. In such solid thin films the use of transmission ele
tron microscopy~TEM! to directly probe the layering wa
therefore particularly appealing with the main difficulty
produce a cross section of the thin film. It is the purpose
this paper to present the combined study of the TE
GISAXS, and specular reflectivity measurements of a t
film of cermet made of Pt clusters inserted in an amorph
matrix of alumina deposited on a silicon substrate. Comp
mentary experiments made on similar films deposited
other substrates are also presented to straighten the pro
the layering.

The cermet thin film was made by cosputtering Pt a
alumina~small pellets of Pt were placed in an alumina dis!
©2001 The American Physical Society07-1
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BRIEF REPORTS PHYSICAL REVIEW B 63 193407
onto the surface of a Si~001! wafer. The Si substrate wa
rotated during the deposition to ensure the homogeneit
the thin film and was held at a temperature of 300 °C.

X-ray reflectivity and diffuse scattering measurements
the thin film were performed using laboratory source
wavelengthl51.54 Å. X-ray measurements were perform
in reflection geometry, first in the specular condition a
then completed by off-specular scans. Wide angle meas
ments were also performed which show the amorphous
ture of the insulator and the crystalline state of the meta
inclusions. GISAXS measurements of the thin film were c
ried out ~on the D22 beam line of LURE, Orsay! at a fixed
energy of 7 keV with a two-dimensional~2D! wire detector.
The incident angle was fixed to a value slightly above
critical angle and the specular reflected beam was maske
avoid the saturation of the detector. At this angle, we e
mate that the penetration depth~defined as the distance co
responding to an attenuation of 1/e) is of the order of 1250
Å.

Microstructural characterization of the thin film was pe
formed using high resolution transmission electron mic
scope~Philips CM30-FEG with ultra-twin lens working a
300 kV, Scherzer resolution 1.6 Å!. Cross-sectional foils
@which are parallel to~110! plane of the Si substrate# used
for the TEM measurements were prepared from the thin fi
by mechanical polishing and ion milling. Imaging was pe
formed along the@110# axis of the silicon substrate and th
images were analyzed using the NIH image program.

Figure 1 shows the normalized reflectivity data (R/RF)
from the Pt-Al2O3 cermet thin film. One can clearly observ

FIG. 1. Observed~open circles! and calculated~solid line! nor-
malized x-ray reflectivity curves of Pt-Al2O3 nanocermet thin film
deposited on a silicon substrate. The electron density profile a
transverse scan parallel to the surface of the sample takenqz

50.12 Å21 are displayed in the insets.
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a steep decrease of the intensity which corresponds to
critical angle followed by a number of broad peaks which a
related to the layering of the Pt clusters. In particular there
a dominant peak atqz50.12 Å21 which is also observed in
the longitudinal~not shown here! diffuse scan and in the
GISAXS measurement shown in Fig. 2. The transverse s
~inset of Fig. 1!, shows that the dominant peak has
resolution-limited component which corresponds to tr
specular scattering. In Fig. 2, one can clearly observe a r
the radius of which gives the average distance between
ticles and the width of which is related to both the distan
and the size of the particles. We naturally attribute this pe
to the average distance between particles both in the spe
and in the off-specular directions. Since it is much mo
intense in the specular reflectivity than in the diffuse scat
ing ~see inset of Fig. 1 where the flat part is part of the rin!,
we consider that we have here the signature of the laye
of particles in thez direction. The fact that this peak is foun
at the same position in both scans indicates that the dista
between the particles is about the same in thez direction than
in the plane of the film. The observation of a ring clear
proves the existence of an average distance between the
ticles whatever the considered direction.

In order to get a more quantitative picture of the structu
arrangement, we have considered that this heterogen
film could be nevertheless separated in slabs of differ
electron densities in the following way. Starting from th
silicon substrate, the film is decomposed in an oxide, f
lowed by a region of about 300 Å in which the electro
density is oscillating due to the presence of the layering~re-
gion 1!, then in a region in which the particles do not prese
a specific ordering along thez direction~region 2! and finally
terminated by the rough film-air interface. The region

a

FIG. 2. GISAXS image of Pt-Al2O3 nanocermet thin film.
Three line profiles~open circles! drawn through the image in dif-
ferent direction are shown in bottom. Solid lines are the calcula
profiles according to the model discussed in the text.
7-2
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BRIEF REPORTS PHYSICAL REVIEW B 63 193407
where there is no ordering along thez direction is heteroge-
neous on a microscopic scale but homogeneous when a
aged over the size of the x-ray probe. This region contribu
essentially to the diffuse ringI D(q) which is observed in the
GISAXS measurements~hereq is the modulus of the wave
vector transfer and to the diffuse intensity observed in
longitudinal off-specular diffuse scattering!. It also dictates
the average electron density of the film. On the contrary,
interfaces between the silicon substrate, the oxide, the
ered region~region 1!, region 2, and air contribute to th
specular reflectivityR(qz) whereqz is the wave vector trans
fer along the normal to the surface of the film. Indeed at e
of these interfaces, the derivative of the electron den
when averaged over the size of the beam is peaked. Th
fore the total intensity can written as

I ~qW !5R~qz!1I D~q!. ~2!

The diffuse intensity is calculated analytically via a cumu
tive disorder process13 and the specular reflectivity is dete
mined by the matrix technique. Assuming spherical partic
of mean radiusR, separated on the average by a distancd
with a mean deviationsd , one can show that the diffus
scattering yields

I D~q!5A
@sin~qR!2qRcos~qR!#2

~qR!6

3
12e22q2sd

2

122e2q2sd
2
cos~qd!1e22q2sd

2 . ~3!

This description was improved by including in a numeric
way a distribution of radii with a Gaussian probability
variancesR . The scale factorA includes the contrast of elec
tron density between the metallic particles and the insula
matrix, the particle concentration, and instrumental g
metrical parameters. The best fit of the reflectivity curve a
the corresponding EDP are shown in Fig. 1. The EDP wh
is obtained from the specular reflectivity analysis on
shows that the total film thickness is about 1200 Å~oscilla-
tions barely visible in Fig. 1 are used to determine this thi
ness! and that the top surface roughness,s534 Å, is very
large. The oscillations in the EDP are characteristic of
average interparticle distance in the first layers of the fi
This distance is found to be 58 Å. The diffuse intensity p
sented in Eq.~3! is used to fit the GISAXS line profile alon
different directions as shown in the bottom of Fig. 2. T
relevant parameters that are obtained from the fit are
radiusR of the particles, the interparticle distanced and the
variance of these distributions. The values of these par
eters are 2R53165 Å, d55868 Å, sd58 Å.

Although this model is in fairly good agreement with th
experimental x-ray data, we have performed TEM measu
ments on a cross section of the film to plainly validate it. T
TEM picture is presented in Fig. 3 and confirms beautifu
the presented model. One can clearly observe in this fig
the ordering of the particles~region 1! located immediately
above the oxide layer covering the silicon substrate
above a region~region 2! where the particles are separat
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from each others but do not present any particular orde
in the z direction. The thickness of the film is estimate
around 1200 Å and the roughness of the air-film interface
obviously very large. The Fourier transformation of the TE
picture shows a rectangular lattice corresponding to the
con substrate and two rings at 2.25 and 1.96 Å, respectiv
These two distances correspond to the interplanar distanc
Pt and confirm the crystallization of this phase. Howev
each diffraction ring is fairly broad, which can be related
local lattice deformation within the Pt particles. Within ea
Pt particle, a high density of planar defects is evidence14

The average diameter of the particles was obtained assum
spherical particles and was found to be 35 Å. Optical den
profile was calculated for different areas of the sample, p
pendicular to the substrate by averaging the optical densit
the direction parallel to the substrate. For the calculatio
depth of 800 Å was selected and the average intensity v
was measured in a 780 Å length. In our digitization proce
black dots are set arbitrarily to 255 and white dots to 0.
typical optical density profile for an area of the sample
shown in Fig. 3. The origin is taken at the silicon substr

FIG. 3. Cross-sectional TEM image of Pt-Al2O3 nanocermet
thin film. Dark regions correspond to the Pt clusters and wh
regions to the amorphous Al2O3 matrix. The layering of Pt particles
is obvious in the immediate vicinity of the substrate~region 1! and
quickly vanishes after a few layers to give rise to a film of unifor
electron density. The top part of the figure shows the optical den
of the image along the growth direction together with the scale
the FFT of the image which is shown in the inset, one can clea
observe rings of scattering due to crystalline Pt regions and w
defined spots coming from the Si substrate.
7-3
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BRIEF REPORTS PHYSICAL REVIEW B 63 193407
~labeled on the figure!. One first observes a minimum of th
average optical density that corresponds to the SiO2 amor-
phous layer. The optical density then increases and reach
maximum, which is suggested to be the first platinum p
ticle layer. Then the optical density shows oscillations with
succession of minima and maxima. This behavior is clea
established up to 400 Å. An average pseudoperiod of 5
was estimated for the position of the maxima, when mov
from the silicon toward the top of substrate. This value
comparable with the average separation between Pt part
found from x-ray reflectivity and GISAXS analyses.

It is important to note that the layering also appears wh
the cermet thin film is deposited on different kind of fl
substrates such as float glass, for example. The resul
some complementary experiments were found to be eas
interpret once the layering was firmly established. In parti
lar, we have evidenced that the ratio between the intensit
the specular hump located atqz50.12 Å21 and that of the
ring becomes fainter for very thick films. This is fully ex
pected since the layering region becomes buried und
thick heterogeneous film. In addition when varying t
roughness of the substrate by mechanical polishing, we h
observed that for films of identical thickness~about 1000 Å!,
the specular component becomes less and less intens
higher roughness. This component can even completely
ish for severe alteration of the substrate surface. Neverthe
the off-specular signal remains similar in all cases~a detailed
description of this experiment will appear soon!.

In conclusion, we have shown that thin films of cerme
made from Pt nanoparticles dispersed in an amorphous
trix of alumina present a heterogeneous structure in the
rection normal to the surface of the film. In particular, t
morphology of the film consists of layers of Pt particles
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cated in the immediate vicinity of the substrate followed by
region where the alignment of the particles parallel to
substrate is completely relaxed. The complete understan
of such a complex morphology, from experimental point
view, was made possible by combining the three comp
mentary techniques: TEM, GISAXS, and x-ray reflectivit
The layering was shown by the combined analysis of
GISAXS and x-ray reflectivity and then confirmed by TEM
From a theoretical point of view, the formation of metal th
films proceeds via nucleation, growth and coalescenc15

There are different models for the nucleation such as ca
lary, kinetic, Walton-Rhodin, etc. Similarly, coalescence c
take place by Ostwald ripening, sintering or cluster mig
tion. In the case of a sequential deposition of cobalt a
alumina,16 GISAXS can demonstrate that there is a well d
fined in-plane local order of the Co clusters as well as
vertical organization. For the cosputtered cermets,
growth mechanism of metal particles in the dielectric c
ramic remains unknown. It is likely that the nucleation
metal atoms in the cermet thin film will be further controlle
by the temperature, the ceramic atmosphere, and the m
ceramic sputtering ratio. Similarly, metal particles can on
grow to a certain extent in presence of ceramic matrix a
the size and shape of the particles will be such that it w
minimize the energy of the system by optimizing the surfa
free energy. Separated particles in cermet thin films, be
the percolation threshold, is well expected.1,3 However, the
formation of layering of particles in cosputtered thin film
has never been observed before.

The authors wish to thank the LURE for access to
D22 beam line and are greatly indebted to O. Lyon. T
work was supported by the Microcap-Ouest project.
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