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Abstract

The electronic structure of nano-scaled Au-colloids embedded in thin glass-like sol—gel coatings on glass substrates was
investigated by small-angle X-ray scattering (SAXS) in grazing incidence and by UV-VIS spectroscopy as a function of the
densification temperature of the coatings and of kind and concentration of the stabilizer used in the sol. Special interest was
concentrated on the structure of the interface between matrix and colloids. It was found that the structure of this interface
changes with the preparation of the coatings. Depending on densification temperature and stabilizer, it was observed that the
structure of the surface of the colloids or the interface region between matrix and colloids is changing continuously from a
structure similar to a fractal surface to a sharp phase boundary. Further densification leads partially to a ‘fuzzy’ colloid
surface which is supposed to be due to the formation of a highly densified shell around the colloids caused by the ligands.

1. Introduction and thermal densification, functionalized silanes have
been used as stabilizers to complex the gold ions in
the sol. Colloids are then formed in situ during
densification of the matrix by thermal reduction of
complexed gold ions [4,5]. Stabilizers have a great
influence on size and size distribution of the colloids
within the coatings and were recently found to influ-
ence strongly the optical properties of the colloids
[6]. The mechanisms of this influence are not well
understood yet, but it is supposed that the electronic
properties (i.e., conductivity, dielectric properties,
electronic density) of the interface between sol—gel
matrix and embedded colloids play an important role
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The investigation of the electronic structure of
alloys, glasses, microemulsions and gels by SAXS in
order to get information about fluctuations of their
electronic density is of great interest in materials
research. A review of work of the past years is given
in [1-3]. In this paper, interest is concentrated on the
electronic structure of thin (1-2 pwm) glass-like sol—
gel coatings containing nanoscale gold colloids dip-
coated on glass substrates. In order to prevent an
agglomeration of the gold in the sol before coating
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structural properties is SAXS, as it has been demon-
strated for example in reference [7-10]. The last
article is concerned with the structure of anodically
oxidized porous silicon layers summarizes the main
ideas in this field.

Due to the low thickness of the coatings, SAXS
experiments had to be done in grazing incidence
geometry using an angle of incidence a of 0.3°. This
leads to an augmentation of the effective X-ray path
within the sample by a factor of about 200. This
technique was proposed some years ago by Naudon
et al. [11,12]. Its feasibility for application at thin
sol—gel coatings containing Au colloids was proved
in a previous paper [13] where its results were
compared with electron microscopy and UV-VIS
spectroscopy. Theoretical aspects and data correction
procedures applied for GISAXS (grazing incidence
SAXS) as well as details of the experimental set-up
are given there.

2. Experimental procedure
2.1. Instrumentation

Experiments were performed at the beam line
D22 at LURE (Laboratoire pour 1’Utilisation du
Rayonnement Electromagnétique) [14]. Details of the
experimental set-up are given in [13] so that explana-
tions can be restricted to a short survey. The sample
holder used for the experiments in grazing incidence
is sketched in Fig. 1. It could be rotated in an
arbitrary way to modify « and shifted in height by
47 mm. The incident X-ray beam was collimated to
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Fig. 1. Schematic representation of the rotatable sample holder
used for experiments in grazing incidence.
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a height of 100 pm and a width of 1 mm. As X-ray
detector, a two-dimensional position-sensitive pro-
portional counter with a Xe—CH ,-mixture was used.
It had 256 channels in each direction and a space
resolution of 0.334 mm X 0.334 mm. The sample to
detector distance was 657 mm. With a = 0.3° the
experimental limit of the observable radii of the
colloids can be estimated to be about 1.0 nm to 10
nm at 8050 eV. To avoid a strong total reflection of
the incident X-ray beam, a was selected as 0.3°.
The remaining total reflection was masked with an
additional vertical beamstop. The scattering of the
colloids could be clearly identified by a variation of
the X-ray energy (ASAXS) at the L -absorption
edge of gold (11919 eV) [13].

Scattering of the pure matrix was neglectible
compared with samples containing Au-colloids. UV-
VIS measurements have been done with a Bruins
Omega 20. Coating thickness was determinated by
ellipsometry using a ES4G spectrometer of SOPRA.
Additionally, investigations by secondary neutral
mass spectroscopy (SNMS) with an INA 3 instru-
ment of Leybold have been done to get the composi-
tion of the coatings and to check their thickness.
High resolution transmission electron microscopy
(HRTEM) was performed with a Philips CM 200 by
scraping a splinter of the sol-gel coating containing
Au-colloids onto a carbon net.

2.2. Data correction procedures for SAXS in grazing
incidence

All data have been corrected in two dimensions
for absorption and refraction effects as reported in
[13], using coating thickness, composition and calcu-
lated critical angle of total reflection. All spectra
showed a spherical symmetry of the intensity distri-
bution around the origin after these procedures. Thus,
they were integrated within concentric circles to get
one-dimensional spectra after the corrections. All the
spectra were finally corrected for detector efficiency
versus energy and position as well as for incident
photon flux and background signal.

2.3. Description of the samples

For the preparation of the glass-like sol-gel coat-
ings containing Au colloids, 1.0 g of H{AuCl,]- H,O
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Fig. 2. Schematic model of the stabilization of the nanoscaled
gold colloids within the sol—gel coatings by functionalized ligands
(DIAMO, THIO) after reduction.

was dissolved in a mixture of 15 ml ethanol. Then
N-(2-aminoethyl)-3-aminopropyltrimethoxysilane
(DIAMO) or 3-mercaptopropyltrimethoxysilane
(THIO) were added to the solution. In this work
samples will be discussed with molar ratios of
Au:DIAMO = 1:1, 1:2 and 1:4 as well as Au:THIO
= 1:1. Finally 18.8 ml of the matrix sol, prepared
from 160 ml 3-glycidoxypropyltriethoxysilane
(GPTS) and 40 ml tetraethylorthosilicate (TEOS),
dissolved in 240 ml ethanol and prehydrolyzed with
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28.5 ml of 0.1 M HNO, was added and stirred for
3-5 min until a clear solution was obtained. After
these procedures, soda-lime glass microscopic slides
were dip-coated with a withdrawal speed of 10 mm/s
and dried at 80°C for 1 h at ambient air to remove
the solvents from the gel.

Finally, the coatings were further densified under
ambient air between 150°C and 300°C in 50 K steps
for 1 h (heating rate: 60 K/h). More detailed infor-
mation about the preparation of the coatings can be
found in [5,15] A schematic model to the influence
of the stabilizer after reduction of the Au colloids
within the sol-gel coatings is presented in Fig. 2,
suggesting the influence of the functionalized ligands
at the surface of the colloids.

3. Results

3.1. Characterization by UV-VIS spectroscopy

The UV-VIS absorbance spectra of the coatings
as a function of densification temperature and kind
and concentration of the stabilizer are presented in
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Fig. 3. UV-VIS spectra of the coatings densified between 80°C and 300°C in air (molar ratio Au:DIAMO = 1:1).
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Fig. 4. UV-VIS spectra of the coatings densified between 80°C and 300°C in air (molar ratio Au:DIAMO = 1:2).

Figs. 3—6. In the case of DIAMO, all spectra clearly THIO (molar ratio: 1:1) were colorless to tempera-
show the expected plasma resonance peak of tures of 150°C. At 200°C, a slight absorbance of
nanoscaled Au-colloids. Coatings stabilized with Au-colloids can be seen which continuously in-
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Fig. 5. UV-VIS spectra of the coatings densified between 80°C and 500°C in air (molar ratio Au:DIAMO = 1:4).
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Fig. 6. UV-VIS spectra of the coatings densified between 80°C and 300°C in air (molar ratio Au:THIO = 1:1),

creases with densification. The appearance of these
Au-colloids is also clearly seen in the corresponding
SAXS-spectra (see Fig. 10) and indicates the sensi-
tivity of both methods for small amounts of colloidal

3.2. SAXS-experiments

The spectra in Figs. 7-10 show the corrected

gold.
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SAXS spectra (E = 8050 eV) in the case of coatings
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Fig. 7. Scattering spectra in a log(/) vs. log(q) representation (Au:DIAMO = 1:1) as a function of densification.
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Fig. 8. Scattering spectra in a log(/) vs. log(qg) representation (Aw:DIAMO = 1:2) as a function of densification.

the stabilizers DIAMO (molar ratios: 1 :1, 1:2 and their linear range in order to determine the slopes as
1:4) and THIO (molar ratio: 1:1) in a log(I) vs. indicated in the plots within an estimated precision
log(q) representation. These spectra were fitted in of about +0.25 mainly due to the restricted g-range
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Fig. 9. Scattering spectra in a log(I) vs. log(g) representation (Au:DIAMO = 1:4) as a function of densification.
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Fig. 10. Scattering spectra in a log(/) vs. log(g) representation (Au:THIO = 1:1) as a function of densification.

Table 1

Variation of the radii of gyration R, (nm) as a function of densification temperature and of kind and concentration of the applied stabilizer
80°C 150°C 200°C 250°C 300°C

Au:DIAMO = 1:1 584+ 02 6.67 +0.25 5.99 £0.25 6.91+0.25 5.66 + 0.2

Aw:DIAMO = 1:2 4.69 +0.25 4.79 £0.25 4.90 £ 0.25 5.08 +£0.2 512102

Au:DIAMO = 1:4 1.38 £ 0.12 3.01 £0.20 4.85+0.25 5.1940.25 5.39 +0.25

Aw:THIO = 1:1 no colloids no colloids 4.80 +0.35 4.64 +0.25 4.17+£0.25

where power law scattering is observed and the
statistic uncertainty of the experiments and the data
correction procedures. The results of the determina-
tion of the radii of gyration from linear extrapolation
of the corrected SAXS spectra to zero (Guinier plot,
log(1) vs. g* representation) leads to the values
given in Table 1.

3.3. Calculation of the amount of colloidal gold from
the UV-VIS spectra

In order to estimate the amount of gold trans-
ferred into colloids compared with the total amount
of gold added to the sol, calculated Mie-spectra
[16,17] of nanoscaled gold particles in a dielectric
matrix (n = 1.50) assuming a given concentration of
colloidal gold and a mean particle radius r,, have
been compared with the experimental results from

UV-VIS spectroscopy (see Figs. 3—6). The radius r,,
was taken from the results of the SAXS experiments
as given in Table 1 within the approximation r,, =
R,. The results of this evaluation are summarized in
Table 2 using the thickness of the coatings as deter-
mined by ellipsometry.

Table 2

Percentage of Au transferred into colloids compared with the
amount of gold added to the sol as determined from the UV-VIS
spectra as a function of temperature and kind and concentration of
the stabilizer (estimated accuracy: +5%)

80°C  150°C  200°C 250°C 300°C

Au:DIAMO=1:1 69% 58% 63% 77% 3%
AuDIAMO =12 58% 56% 60% 1% 80%
Au:DIAMO =14 19% 18% 34% 48% 63%
Auw:THIO = 1:1 0% 0% 4% 12% 18%




150
4. Discussion

A comparison of calculated Mie-spectra and mea-
sured UV-VIS spectra should in principle allow de-
termination of mean Au-colloid size. This procedure
fails, however, in the case of our samples as the
experimental FWHM values are untypical high (gen-
erally indicating small colloids, see for example Fig.
5) and cannot be explained even by a wide size
distribution. It can only be stated by this method that
their size increases temperature on a scale between
about 1 to 10 nm. The reason for this behavior which
strongly depends on kind and concentration of the
stabilizer used in the sol [5] is not well understood
yet. It is supposed that the dielectric properties of the
interface between matrix and colloids cause these
effects [18,19]. This problem was one motivation for
further investigations by SAXS to get an access to
the electronic structure of the interface.

The UV-VIS spectra in Fig. 3 show that in the
case of a ratio Au:DIAMO = 1:1, which is expected
not to allow a stabilization of all Au ions (assuming
Au**) within the sol [20], no systematic change of
the spectra with temperature can be observed. The
formation of the colloids seems to be spontaneous
and the amount of colloidal gold does not vary
systematically with temperature. A shift of the maxi-
mum position of the plasma resonance peak or a
change of its FWHM which in general indicates a
change of the colloid’s size is not detectable. This is
in agreement with Table 1 where only erratic changes
of the size of the colloids were observed which
underline the interpretation of a spontaneous and
largely uncontrolled reduction of Au-ions which are
not or only weak complexed by the functionalized
silanes. Growth of particles with higher densification
temperature as it expected assuming an Ostwald
ripening mechanism or a diffusion of unreduced
Au-ions or atoms into the colloids was not observed.
Together with the results from Table 2 it is sup-
posed, thus, that only few unreduced gold-ions in the
surrounding of the colloids exist. In fact, a ratio of
1:1 allows neither to control of the size of the
colloids, nor the amount of colloidal gold.

At a molar ratio of Au:DIAMO = 1:2 (Fig. 4),
which should enable the ligands to co-ordinate all
Au-ions assuming a square planar complexation
(chelate complex) in the sol, a continuous augmenta-
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tion of the amount of colloidal gold was observed.
The growth of the patticles from 4.7 nm to 5.1 nm
(according to the SAXS-spectra) is in rough agree-
ment with the increasing amount of colloidal gold.
These observations are ascribed to a weak influence
of the ligands in the densified coatings leading first
to smaller particles compared to 1:1 and later to their
growth with further densification probably due to
diffusion and reduction of complexed Au-ions sur-
rounding the colloids. This process becomes impor-
tant above 200°C as can be seen from Tables 1 and 2
taking into account that the total volume of colloidal
gold is growing as r>. The growth of the particles
with densification might be the result of thermally
activated diffusion and at least partially of a growing
decomposition of the Au-stabilizer complex. This
model is also valid in the case of Au:DIAMO = [:4
(Fig. 5), where the stabilizer is able to control both,
colloid size and the total amount of colloidal gold
within the coatings considering the data given in
Tables 1 and 2. First, small nuclei of reduced gold
(~ 1 nm) are detected which start to grow by diffu-
sion and coalescence during thermal densification
leading to particles with a size to 5 nm. This particle
growth has also been confirmed by HTEM-investiga-
tions which are presented in [5,13]. The size of the
colloids as determined by electron microscopy is in
agreement with the results given in Table 1.

The effect of THIO (1:1) on the formation of the
colloids needs a slightly modified interpretation. Up
to 150°C, THIO is able to suppress the formation of
colloids completely (see Fig. 6 and Tables 1 and 2)
despite the fact that a complexation of all Au-ions by
THIO shouid not be possible yet. At 200°C however,
the size of the colloids has already reached 4.8 nm.
Thus it is supposed that to 150°C the ligands influ-
ence the redox-potential within the sol considerably
preventing a reduction of gold ions. Beyond 150°C
THIO then either starts to change its co-ordination of
the gold-ions leading to an onset in the formation of
Au-nuclei or the reduction of Au-ions is initialized
by a thermal reduction of weakly stabilized gold.
This description of the differences between DIAMO
and THIO is in accordance with Pearon’s concept of
hard and weak acids and bases [6,21] where Au**
belongs to the weak Lewis acids and should form
more stable complexes with soft bases (i.e., thiosi-
lanes) than with hard bases (aminosilanes). The con-



tinuous decrease colloid size from about 4.8 nm to
4.2 nm as a function of temperature above 150°C is
not understood yet within this model.

A general result from Figs. 3-6 is the fact that
stabilization effects increase with higher DIAMO
content and that THIO is a stronger stabilizer than
DIAMO. Considering Table 1, it was also found that
the colloids always reach about the same size (~ 5
nm) at 300°C independent of kind and ratio of the
stabilizer in the sol. This might be a hint for a
growth mechanism of the colloids up to 300°C which
is dominated by thermally activated diffusion of
Au-ions or atoms.

Slopes in the power law scattering range (Figs.
7-10) which strongly depend on densification tem-
perature and stabilizer give an insight in the structure
of the interface between matrix and core of the
colloids. To interpret the experimental observations,
there have be considered three cases of power law
scattering with I(g) ~ I(0)* g~ Slopes around «
=4, slopes smaller than 4, and those significant
higher than « = 4. A value of 4 is typical for dense
particles with uniform electron density and a smooth
and sharp phase boundary [22]. The case a>4 is
ascribed according to the literature [10,23-26] to a
continuous decay in the electron density from the
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bulk material to the matrix. This is generally charac-
terized as a ‘fuzzy’ surface [24,10]. The electronic
density in the interface is written in this model as a
convolution product of a theoretically sharp elec-
tronic density of the colloids and a smoothing func-
tion [27] which takes into account the width of the
interface. If the smoothing function is assumed to be
a Gaussian with standard deviation ¢ (Fig. 11), the
Porod law using the invariant @, and the average
intersect length (I} gets [10]

lim {log[q“l(q)]} = —q'c’ +1log8mwQ,/{1).
et

o which was experimentally determined from the
SAXS spectra can be taken as an approximation of
the mean thickness of the ‘fuzzy’ interface between
colloid and matrix. The FWHM of a Gaussian is
given by 2.360. Slopes between =3 to 4, which
are especially observed in the case of low densifica-
tion temperatures here, are attributed to fractal sur-
faces [8,24] with I(g) ~ I(0)* ¢~ ©~? where D is
the fractal dimension of the surface. An interpreta-
tion of the results within a model of mass fractals
can be excluded as the colloids are generally spheri-
cal and mostly single crystalline in the core as
confirmed by HRTEM and WAXS investigations.
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Fig. 11. Model of the electronic density p(r) in the interface between matrix and colloids in the case of ‘fuzzy’ surfaces assuming a
Gaussian with standard deviation o as smoothing function (estimated experimental error in o: +0.12).
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Deviations are found only at the surface of the
colloids. In Fig. 7 no systematic variation of the
slopes can be observed in accordance with the dis-
cussion of the values of R, confirming the model of
a spontaneous, fast and mostly uncontrolled forma-
tion of the colloids arising surfaces with a fractal
dimension of about 2.4. Similar interpretations are
proposed in the literature in the discussion of the
reaction dimensions in catalysis of dispersed metals
[28] and are also found in lignite coal [24], in porous
glasses and glassy carbon [8].

An influence of densification temperature on the
geometric structure of the surface of the colloids or a
rearrangement within the interface was not detected.
In the case of Au:DIAMO = 1:2, the observed slopes
continuously increase from about 3 up to 4. At 80°C,
the surface of the colloids has a lower fractal dimen-
sion than in Fig. 7 (Au:DIAMO = 1:1). The geome-
try of the surface of the colloids is now strongly
affected by the densification temperature. This indi-
cates a growing densification of the surface of the
colloids and formation of a sharp phase boundary at
higher temperatures which might be due to a partial
decomposition of DIAMO or its complex or due to a
catalytic densification of the matrix surrounding the
colloids by the functionalized silanes. In this picture,
a higher stabilizer ratio first leads to a lower fractal
dimension of the surface. Then, the proposed stabi-
lizer changes at higher temperature finally lead at
Au:DIAMO = 1:2 to a sharp phase boundary. This
tendency is also observed for Au:DIAMO = 1:4 up
to 150°C. The lower temperature (150°C instead of
300°C) to form a sharp boundary might be an effect
of the higher amount of complexed gold ions sur-
rounding the colloids leading to smaller diffusion
lengths and thereby less thermal activation energy
necessary for Au ions to reach the colloids. Above
150°C however, slopes which are significant greater
than 4 are observed. To explain this, the model of a
continuously decay in the electronic density in the
interface as given in Fig. 11 is proposed leading to a
mean width of the ‘fuzzy’ interface o of about
04-0.5 nm. As DIAMO is known to act as a
catalyst in the network formation of sol—gel systems
[5], this ‘fuzzy’ interface is attributed to be the result
of the formation of a dense, glass-like shell at the
surface of the colloids where the stabilizer concentra-
tion is supposed to be higher than in the outer matrix
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(see also Fig. 2). This interpretation is supported by
HRTEM investigations of similar sol-gel powders
containing nanoscaled Au- or Ag-colloids (Au:DI-
AMO = 1:4, T up to 1000°C) were often such a shell
with a thickness up to several 1-3 nm surrounding
the colloids could be observed {29]. It had been
impossible to remove this shell from the surface of
the colloids by ion-etching. A systematic investiga-
tion concerning the conditions of the formation of
the shell and their detailed characterization has not
been done. If the interface region only had a higher
mechanic density than the matrix, this would not
explain the observed slopes as its electronic density
should be only slightly higher than in the matrix
then, which is about one order of magnitude lower
than the electronic density of gold. Thus, it is con-
cluded that a high stabilizer ratio at the surface of the
colioids acts in a first step to densify the interface
region stronger than the outer matrix. This densified
shell effects then as a diffusion barrier for further
Au-ions or atoms surrounding the colloids leading to
a slower growth of the particles at higher densifica-
tion temperature and to an enrichment of Au-ions or
atoms within or at the interface which normally
could join the colloids by diffusion.

This model must be checked in more detail by
further investigations at higher densification temper-
atures, but it also offers an access to the interpreta-
tion of the broad UV-VIS spectra (see Figs. 5 and 6)
and to the extraordinary non-linear optical properties
of the Au-colloids which are also strongly affected
by the stabilizer [6]. Both observations should be
strongly influenced by changed electronic or dielec-
tric properties of the interface region compared to
bulk gold for example.

A first HRTEM picture taken at the sample densi-
fied at 300°C is presented in Fig. 12 showing an
isolated, single-crystalline Au-colloid embedded in
the sol-gel matrix. It is clearly visible that the
contrast at the surface of the colloid is different from
the surrounding matrix indicating the formation of a
shell-like structure with a thickness of about 0.5 to
0.8 nm with a decreasing electronic density. Such a
shell structure is not visible in the case of colloids
densified at 150°C (Au:DIAMO = 1:4, same prepara-
tion) [13]. The observation of a continuous interface
between matrix and Au-colloid supports the interpre-
tation of the SAXS data and the model given above.



Fig. 12. HRTEM picture a nanoscaled single crystalline Au-col-
loid (r= ~4 nm) embedded in the glass-like sol-gel matrix,
densified at 300°C (Au:DIAMO = 1:4).

It also confirms the result of the calculation of the
thickness of the interface from the SAXS spectra.

In the case of THIO (1:1), the elaborated model
can also be applied. Up to 150°C, no colloids are
found in the SAXS-spectra (Fig. 10) due to strong
complexation. Then, starting at 200°C, a clear scat-
tering signal of the colloids is detected. The forma-
tion of the colloids is not spontaneous now because
in this case, as an evolution as in Fig. 7 should be
expected. Here however, a sharp interface is found
first which is probably due to the formation of nuclei
and their growth by diffusion of complexed Au-ions
surrounding the colloids (comparable to Fig. 8,
200°C-300°C). At 300°C finally, the same evolution
as found at DIAMO (1:4, 200°C-300°C) is observed.
It is interpreted again as a consequence of the densi-
fication of the network surrounding the colloids
probably acting as a diffusion barrier for further
Au-ions or atoms. The mean broadness of the inter-
face is only about o = 0.33 nm now, which might be
connected with the lower coverage of the surface by
the stabilizer.

5. Conclusions

The size of colloids can be controlled by the
densification temperature and stabilizer concentra-
tion used in the sol. In the Porod region of the SAXS
spectra, slopes which differ significantly from —4
were attributed to the interface between matrix and
colloids whose electronic structure changes strongly
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with the preparation parameters. These results offer
an access to explain the observed deviations of the
experimental UV-VIS spectra from theoretical calcu-
lations and the non-linear optical properties of the
colloids in the matrix, which are considerably higher
than in molten glasses and also depend strongly on
the stabilizers.
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