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Abstract

Experimental and calculated reflectivity spectra of silver nanocrystals self-assembled in compact hexag-
onal networks on various substrates (HOPG, gold, silicon and Aly.7Gag.3As) are compared. The calculated
spectra are deduced from a model based on a mean field theory and taking into account the electromagnetic
resonances for p (parallel) and s (perpendicular) polarizations. From experimental and calculated spectra,
it is concluded that the major change in the responses is due to the refractive index of the substrate. Hence,
the optical properties of coated silver nanocrystals organized in a hexagonal network do not depend on
the substrate used. That is to say no specific interactions between nanocrystals and substrate take place.
Collective optical properties due to the formation of a film made of 5-nm silver nanocrystals are observed.
This is pointed out by the appearance of an additional resonance at a higher energy than that of the plasmon

resonance of isolated nanocrystals.



. INTRODUCTION

After nearly a decade, the study of optical properties of silver nanoparticles is still attractive for
a large number of scientists because many problems are not yet solved. However some behaviors
are already well known. For example, the surface plasmon resonance excitations of spherical silver
nanoparticles dispersed in a matrix are in UV-Visible range!. They are size dependent, the band-
width increases with decreasing particle size?. The surface plasmon resonances are strongly influ-
enced by their environments and depend on the dielectric functions of the surrounding®® medium.
A marked broadening of the surface plasmon resonance is observed when the nanoparticles are
embedded with “reactive” matrices such as CO, CoH,, C,,Hs,,1SH as compared with an “inert”
matrix such Ar24-,

Very recently, it was found that on decreasing the particle size the optical properties of single
silver nanoparticles deposited on alumina by vapor deposition show a drastic change in the reso-
nance position with a shift to higher energies and an increase in the linewidth. This reflects the
growing importance of the quantum size effect’. The same group demonstrated that the substrate
has a drastic effect on the electronic properties of gold nanoparticles®.

A large number of measurements and theoretical models for 2D systems made of silver
nanoparticles have been published®8. In most of the results, the major modifications of the optical
properties of silver nanoparticles are due to the particle-particle and particle-substrate interactions.
The optical properties of nanoparticles deposited on a surface were also strongly modified. This
effect was mainly attributed to image forces induced in the substrate by the nanoparticles in close
contact!216:17,

In the last few years we demonstrated, experimentally, that it is possible to self organize coated
silver nanocrystals in compact hexagonal networks?8. Such 2D superlattices exhibit optical collec-
tive properties!®-2L. With silver nanocrystals, by reflectivity?!, under polarized light, two plasmon
resonances, characteristic of the optical anisotropy were observed. As previously seen, when the
nanoparticles are in contact with the surface, the substrate plays an important role in the optical
properties, a question then arises: Do the optical properties of our coated nanocrystals self orga-
nized on a surface and not in contact with the surface, change with the substrate used? In the
present paper we answer this question.

To determine the substrate influence on the optical properties of coated silver nanocrystals self

organized in a hexagonal network, experimental reflectivity spectra of 5-nm silver nanocrystal



monolayers deposited on various substrates are modeled.

II. EXPERIMENTAL SETUP

The optical reflectivity spectra of 5-nm silver nanocrystal monolayers are measured with a dou-
ble monochromator recording spectrophotometer (Model Varian Cary 5) equipped with rotational
stages for angular measurements and polarizers (VASRA). The energy range is 2 - 4.5 eV. The
light is polarized either perpendicular (s) or parallel (p) to the incidence plane and the incidence
angles range from 20° to 60° with respect to the normal to the surface. Under s-polarization, the
electric field vector is always directed along the particle film (parallel to the substrate). This tends
to be insensitive to plasmon modes oriented perpendicular to the substrate and does not provide
any information on the optical surface anisotropy. Conversely, under p-polarization, the electric
field has two components: one is perpendicular to the particle film and grows with increasing 6,
the other is parallel to the film and decreases with increasing 6. Hence, the (p) polarization pro-
vides information on the optical film anisotropy. To ascertain if there are several resonance peaks,
the reflective spectra under polarized light perpendicular (s) or parallel (p) to the incidence plane
at various incidence angles, 6 are recorded. R and R, are the reflectivities of the system containing
or not a monolayer formed by 5-nm silver nanocrystals. The reflectivities under p polarization at
60° incidence angle of the various bare substrates are in Figure 1. They clearly differ with the
substrate used. With HOPG, the reflectivity is constant (10 %) from 2 eV to 3.5 eV and then
increases. With gold, it is very high at low energy. It markedly decreases with increasing energy
to reach a constant value above 2.6 eV (17 %). With silicon, it increases between 2 eV (13 %) and
4.5 eV (60 %). A shoulder around 3.4 eV is observed. With Aly.7Gag 3AS, it increases between 2
eV (10 %) and 4.5 eV (30 %) with a shoulder around 3.5 eV.

1. MODEL

To understand the experimental spectra and to determine clearly the positions of the plasmon
resonances, the reflectivity spectrum of this system has been calculated. We have modeled it in
three steps:

i) The dielectric function of isolated silver nanocrystals is calculated by a Drude-like

approximation??, which takes into account the presence of the d-electrons.



i) The monolayer is modeled as a homogeneous film made of 5-nm silver nanocrystals with a
nearest neighbor distance of 7 nm in a medium of dielectric constant £ = (2.0) corresponding
to the dielectric constant of thiododecane in the UV-Visible wavelength range. The minimal
distance between particle centers is measured experimentally (7 nm) by using the TEM image.
The effective dielectric function of the nanocrystal film is deduced from a slight modification of
the theory developed by Barrera et al.1. In the present case, we assume there is one nanocrystal
monolayer in a surrounding medium of dielectric constant, &,,.

The effective nanocrystal film polarization is assumed to be that of the overall nanocrystals
forming the film and organized in a compact hexagonal network. It is characterized by an
anisotropic dielectric function (¢7, £7) in an infinite surrounding medium of dielectric constant &,,,.
Thus the dielectric function obtained coincide with €, (e¢;; = €, and €Z;, = 7). The obtained

formulas are:

ctrr _ 1= (AG/8)(S0/2) + 2y(2a/d)’G
Em 1 —(Aa/8)(S0/2)

(1a)

et _ 1+ (A&/8)So
em 14+ (2\&/8)Sy — 27(2a/d)%a

(16)

with a the radius of the nanocrystals, d the nearest neighbor distance, f, = (7/2v/3)(2a/d)? the

surface fraction occupied by the nanocrystals, v = f,/(2a/d)? X\ = (2a/d)?, & = :&%
Sy = Zj m is the reduced value of the projection, in the direction normal to the surface, of
ij

the dipolar fields. For a hexagonal lattice Sy = 11.034.

iii) The whole system is modeled (Fig. 2) by a stratified medium composed of

a) 2-nm layer of thiododecane.

b) 5-nm layer of silver nanocrystals calculated from ii).

c¢) 2-nm layer of thiododecane and the substrate.

The dielectric function of the substrates is taken from Palik’s handbook?®. The reflectivity
spectrum is then calculated by a matrix method from Abelés theory of stratified media®*?°. In this
method each layer is characterized by a matrix that take into account its dielectric function and its

thickness.



IV. SILVER NANOCRYSTALSASSEMBLED IN 2D AND 3D

5-nm silver nanocrystals are synthesized by the reverse micelle technique described
previously?®?’. They are coated with dodecanethiol molecules, extracted from the micellar so-
lution and then dispersed in hexane'®. One drop of a low concentration silver nanocrystal solution
is deposited on the HOPG substrate in order to form a monolayer. After solvent evaporation, a
monolayer of nanocrystals organized in a hexagonal compact structure (Fig. 3A) is formed®8.
On replacing HOPG by a gold substrate, the STM image clearly shows a film of close-packed
nanocrystals (Fig. 3B). With silicon, the high resolution SEM (scattering electron microscopy) im-
age shows that the nanocrystals keep similar organization as HOPG (Fig. 3C). With Aly 7Gag 3AS,
it has been impossible to produce a direct image of a monolayer formed because of lack of equip-
ment.
To demonstrate that compact monolayers made of 5-nm nanocrystals are formed, supra” crys-
tals were built up. Let us first recall what has been already obtained with HOPG substrates. On
increasing the silver nanocrystal concentration ([Ag,] = 3.10~% mol/l), large "supra” crystals are
fabricated. It is possible to control their size and their shape by adjusting the deposition condi-
tions (substrate temperature, saturated atmosphere...)?%2%. From the depth of the “supra” crystal,
the number of monolayers stacked on each other is around 1000. Their crystalline structures
were studied by small angle X-Ray reflectivity measurements?®2°, The "supra” crystals appear
to be made of the best compact stacking of silver nanocrystal monolayers such as FCC or HCP
structures. Figures 4B, 4C and 4D show that similar ”supra” crystals are produced by replacing
HOPG by gold, silicon and Al ;Gag 3As, respectively. X-Ray diffraction measurements show re-
flectograms similar to those observed with HOPG and characteristic of a compact structure. From
these data, it is reasonable to conclude that with Aly ;Gag3As as substrate, compact monolayers
made of nanocrystals are formed. Hence, for any substrate used in the present paper, a compact
film made of 5-nm nanocrystals is produced. Fig. 3C shows a partial monolayer. However, for a
large amount of nanocrystals ”supra” crystals are formed (Fig. 4C). This indicates that compact
layer can be formed. The lacks, observed on Fig. 3C are probably du to the fact that not enough
nanocrystals were deposited. Nevertheless, the vacancies in the film organization introduce only
a minor correction of the reflectivity intensity because the total signal is mainly due to the islands

made of densely packed particles.



V. RESULTSAND DISCUSSION

The reflectivity spectra of 5-nm silver nanocrystals organized in hexagonal networks on various
substrates such as HOPG, gold, silicon and Al 7Gag 3As are presented in Figures 5 and 6.
Under s-polarized light, the reflectivity spectra are recorded at various angles and are found to be
similar for all incidence angles. Figure 5 (dotted line) shows the reflectivity spectra recorded at
60°.
Under p polarization, the reflectivity spectra markedly change with the incidence angle (Fig. 6).
At a low angle (20°), the reflectivity spectra are similar to those obtained under s polarization (dot-
ted line). This is due to the fact that under s and p polarization at low incidence angles, the electric
field vector along the particle film is predominant. At high incidence angles, the perpendicular
electric field component becomes much larger than the parallel one.
These spectra lead to several comments:
1) A similar trend in the p polarized spectra recorded at 60° for all substrates is observed with
appearance of two maxima around 2.5 eV-3 eV and 3.8 eV-3.9 eV. The latter maximum is more or
less marked and depends on the substrate. A minimum at 3.4 eV-3.5 eV is observed. The major
difference in the reflectivity spectra shown in Figure 6 is the presence of a minimum at low energy
(E<3eV) or HOPG and gold whereas a plateau is observed with silicon and there is an increase
in the reflectivity with Aly ;Gag 3As. Table 1 shows the maxima and the minima of the reflectivity
spectra of a film of nanocrystals deposited on the four different substrates.
ii) Under p polarization, as expected, the reflectivity spectra markedly change with the incidence
angle. At low angles, the first extremum remains at the same energy. However around 3.4 eV-3.5
eV, a minimum progressively appears (Fig. 6). Above 4 eV, the decay slope remains the same at
various incidence angles.
By using the model described above, the calculated reflectivity spectra corresponding to s and p
polarizations at various incidence angles and on various substrates are deduced:
The reflectivity spectrum calculated at 60° (solid line) under s polarization is shown in Figure 5.
It is similar to those observed experimentally (dotted lines). Under p polarization, the calculated
reflectivity spectra at various incidence angles are shown in Figure 7. An increase in the minimum
at 3.4-3.5 eV on increasing the incidence angle is observed.
The general trend of calculated spectra (under p and s polarization), i.e., the relative intensities of

the extrema and the variation of their positions with the nature of the substrate (Table 1) remain



similar to those obtained experimentally (Fig. 6). As stated above, under s-polarization, the elec-
tric field vector does not provide any information on the optical surface anisotropy.

For a given substrate, the experimental spectra in Figure 6 show rather good agreement with that
calculated (Fig. 7). However some differences are observed:

i) The experimental spectra are broader and their intensities lower than those obtained from calcu-
lations. This can be explained by the fact that silver nanocrystals are coated with dodecanthiol in-
ducing damping and broadening of the resonance plasmon peak*-. Furthermore, it is well known
that the plasmon resonance and its bandwidth markedly change with the particle size??6°, The
nanocrystal sizes involved in the film (monolayer in a hexagonal network) are not monodispersed
as used in the model. They are characterized by a size distribution of 13%. These features (coating
and size distribution) easily explain the broadening of the experimental spectra compared to that
calculated.

ii) Figure 6 shows a peak at high energy (3.8 eV-3.9 eV) which is not obtained by calculation (Fig.
7). To understand these differences in the reflectivity spectra, a rough approximation is made: Let
us assume the reflectivity spectra under s polarization (Fig. 5) and p polarization at a low inci-
dence angle (dotted line Figure 6) are equivalent. That is to say, the electric field vector is always
directed along the film direction (parallel to the substrate). At a large incidence angle (60°), the
perpendicular electric field component becomes much larger than the parallel one. The difference
between the reflectivity under p and s polarization at 60° would mainly represent the anisotropy
of the system and thus, no peak at high energy (3.8 eV-3.9 eV) is observed. This is due to the
fact that the slope above 4 eV is similar in both spectra. It is concluded that the high-energy peak
(3.8 eV-3.9 eV) cannot be attributed to a plasmon resonance. It is rather difficult to explain the
origin of the decay above 4 eV in the reflectivity spectra. It could be due to the interband transition
becoming appreciable at 4 eV (the sensitivity of the equipment was carefully tested above 4 eV).
The position of the plasmon resonance at low energy cannot be deduced from this rough approxi-
mation because the first two extrema appear under both polarizations.

iii) A minimum appears at 3.4 eV-3.5 eV and increases with the incidence angle and is attributed
to a plasmon resonance, specific to p polarization. This is well confirmed by calculation.

The experimental and calculated spectra of the nanocrystal film deposited on various substrates
change markedly. The reflectivities due to the substrate and the film made of nanocrystals are
both non-negligible. The overall reflectivity spectrum is the sum of both contributions: the reflec-

tivity of the nanocrystals monolayer and that of the substrate averaged by the absorption of the



nanocrystal monolayer. It is thus not surprising that optical spectra differ with the substrate and
this is related to its refractive index (Figs. 6 and 7).

The model used above is limited to dipole-dipole interactions. In fact, the substrate could influence
the optical response of the silver nanocrystal monolayer by image forces, i.e., formation of image
dipoles in the substrate induced by the dipoles in the nanocrystals, subjected to an electromagnetic
field. To introduce the image forces, the Barrera calculations described in reference [14] are used.
The calculated spectra are very similar to those obtained without image forces (Fig.7). This result
is explained by the fact that the silver nanocrystals are not in direct contact with the substrate.
Thus the dipole/image-dipole distance is sufficiently high for this term to be negligible.

A more complete program, which takes into account the multipolar effects, is available!3332,
This program was adapted to calculate the reflectivity of the system. The spectra obtained are,
once more, very similar to the spectra calculated with a simple model. The multipolar effects are
not important in this system because the nanocrystals are small and are separated by a large dis-
tance (2 nm), and dipolar approximation seem to be sufficient to describe experimental data.
Hence with or without image forces and multipolar interactions, the calculated reflectivity spectra
of the nanocrystals film deposited on a substrate of dielectric constant 5, = (5;7) (similar that of
the HOPG between 2 and 3.8 eV) are mainly the same as shown in Figure 8. One question arises:
Does the use of the classical 3D Maxwell-Garnett®® theory change the reflectivity spectra of 2D
film made of nanocrystals? We have to point out that this model is used in the stratified media
theory of Abelés, which takes into account the dimensionality of the film. \ery surprisingly this
model gives results similar to those used for a film (Fig. 8). The invariance in the calculated re-
flectivity spectra as shown in Figure 8 are obtained for the various substrates used. Hence the three
theories qualitatively explain the experimental spectra, i.e. the extrema are at the same position.
¢From these data, it is concluded that the influence of the substrate on the optical response is

mainly due to its intrinsic optical property, by the way of its refractive index.

VI. CONCLUSION

Reflectivity measurements on silver nanocrystals, deposited on various substrates, are pre-
sented. From experimental and calculated spectra, it is concluded that the major change in the
responses is due to the refractive index of the substrate. Indeed, the nanocrystal film is far enough

from the substrate to neglect the influence of the image forces. Thus, the positions of the two



plasmon resonances, characteristic of the film optical anisotropy, do not depend on the nature of
the substrate. Hence, they can be identified from the reflectivity spectrum, by the calculations.
These results can be generalized to various substrates, especially to absorbing ones, whose optical
response is not obvious. The film optical characteristics are due in part to the dipolar interactions
between nanocrystals, which induce appearance of a plasmon resonance at high energy indicative

of collective optical properties.
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FIG. 1: Calculated reflectivity spectra of the bare substrates: HOPG (solid line), silicon (short dashed line),
AlGaAs (long dashed line) and Au (dots)
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FIG. 2: Schematic representation of the modeled system
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FIG. 3: Monolayer of 5-nm silver nanocrystals on HOPG (A), Au (111) (B) and silicon (C). These images
were obtained by TEM in A, constant current mode STM (Vt=2.5V, 1t=0.8 nA) in B and by SEM in C.
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FIG. 4: SEM images obtained from different substrates immersed in 200 u! of a highly concentrated col-
loidal silver solution (3 10~% mol/I) and dried for 9 h under a hexane vapor atmosphere. HOPG (A), silicon

(B), AlGaAs (C) and Au (D) substrates were used.
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FIG. 5: Experimental (dotted line), calculated (solid line) reflectivity spectra of silver nanoparticle mono-
layer on HOPG (A), gold (B), silicon (C), Alg.7Gag.3As (D) with s-polarized light and at a 60° incidence

angle.
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FIG. 6: Experimental reflectivity spectra of silver nanoparticles monolayer on HOPG (A), gold (B), silicon
(C), Alg.7Gag.3As (D) under p-polarized light and at incidence angles of 60° (solid line), 45° (dashed line),
20° (dotted line).
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FIG. 7: Calculated reflectivity spectra of silver nanoparticles monolayer on HOPG (A), gold (B), silicon
(C), Aly.7Gap.3As (D) with p-polarized light and at incidence angles of 60° (solid line), 50, 40, 30, 17°
(dotted lines)
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FIG. 8: Calculated reflectivity spectra of silver nanoparticles monolayer on a substrate of dielectric constant
esup = (5;7) for the 3 models: Maxwell-Garnett33 (solid line), Barreral# (dotted line), Stefanou3! (dashed

line)
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Extrema 1st min 1st max 2nd min 2nd max

Substrate Ex Th Ex Th Ex Th Ex Th
HOPG 2.15 2.38 2.83 2.80 3.50 3.34 3.86 /
Gold 2.4 2.52 3.0 2.92 3.4 3.34 3.86 /
Silicon / / 2.65 2.68 3.38 3.28 3.87 /

AlGaAs / / 2.68 2.68 3.47 3.30 3.85 /

TABLE I: Maxima and minima of the reflectivity spectra recorded under p polarization at fixed incidence

angle (60°) on various substrates.
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