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PACS 68.65 +g — Low-dimensional structures (superlattices, quantum well structures,
multilayers) structure and nonelectronic properties

PACS 61.46 +w — Clusters, nanoparticles and nanocrystalline materials

PACS.81 20.-n  — Methods of matenals synthesis and materials processing

Abstract. — Reverse micelles have been used to synthetize 5.6 nm silver sulfide particles.
These nanoparticles are coated with dodecanethiol, extracted from reverse micelles and then
dissolved in heptane The extracting process induces a size selection with a decrease in the
polydispersity from 30% to 14%. By leaving a drop of a solution on any support, or immerse
the support mn the solution, mono and multilayers made of nanosized particles are formed The
monolayer is arranged in a hexagonal network whereas the 3D multilayers are arranged in a face
centered cubic structure. From T.E.M. (Transmission Electron Microscopy) and G.I.S A.X.S
(Grazing Incidence Small Angle X-ray Scattering) techniques morphological information 1s pro-
vided

Résumé. — Dans cet article, la préparation et la caracténisation de réseaux ordonnés & deux
et trois dimensions de nanocristallites de sulfure d’argent sont présentées. La morphologie des
réseaux est étudiée 4 'aide de deux techniques la microscopie électronique & transmission et la
diffusion des rayons X aux petits angles sous mcidence rasante. La microscopie électronique met
en évidence un empilement de nanoparticules selon une structure cubique a faces centrées La
distance moyenne entre particules et le nombre de couches formant la structure tridimensionnelle
sont déterminés

Introduction

In the last decade a great effort has been devoted to control the size of nanoparticles [1]. Various
colloidal methods as, reverse [2] and normal [3] micelles, Langmuir-Blodgett films [4]. zeolite [5].
two phases hquid-hquid system [6], organo-metallic techniques {7] and others, have been used
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to control the size and polydispersity. In the range of 1 to 10 nm, unusual size dependence of
the electronic properties of small metal [8-10] and semiconductor [11,12] particles have been
observed. It is necessary to control the size and reactivity of small particles to allow attachment
of the particles to surfaces or to one another without leading to coalescence and hence loss of
their size induced electronic properties. In all cases, surface passivation with coordinating
ligand as alkanethiol [13,14], alkyl phosphine [15] or dithiols [16], has been used to obtain a
selection in size. This favors formation of particles which interact through strong attractive
forces involving a larger energy than the thermal motion. This induces 2D and 3D ordered
structures. This has been observed for semiconductors [13,15] and gold particles [14,16]. Such
self assemblies should produce interesting properties such as new collective physical behavior.
The development of a general procedure for the fabrication of quantum crystals is a major
challenge of future research [17,18].

In this paper, preparation and characterization of ordered 2D and 3D arrays made of Ag»S
nanocrystallites are presented. The study is focussed on particles having 5.6 nm as an average
diameter Transmission Electron Microscopy, T.E.M., and Grazing incidence Small Angle
X-ray Scattering, G.I S.A.X.S, are used to deduce the morphology of these aggregates. The 3D
arrays are arranged in a face-centered cubic structure The average distance between particles
and the number of layers forming the f.c.c structure are deduced.

1. Experimental Section

1 1. ProbucTs. — Sodium di(2-ethylhexyl) sulfosuccinate usually called Na(AOT) was ob-
tained from Sigma; isooctane from Fluka, sodium sulfide NapS from Janssen. Silver di(2-
ethylhexyl) sulfosuccinate, Ag(AOT), was prepared as described previously [9].

1.2. APPARATUS

1.2.1 Transmission Electron Microscopy, T.E M. — The micrographs are obtained from JEOL
100CX operating at 100 kV. A drop of the solution is placed on a carbon film supported by a
copper grid and the solvent is evaporated.

Histograms are obtained by measuring the diameter D, of all the particles from different
parts of the grid. About 500 particles are taking into account to establish the histogram. The
standard deviation, o, is calculated from the following equation:

o= (E_[ni[gvﬂ_;l]l_)ﬂ)l/z

where D and N are the average diameter and the number of particles respectively.

1.2.2. Small Angle Scattering. — Small Angle X-ray Scattering, S.A.X.S., and Grazing In-
cidence Small angle X-ray Scattering, G.I.5.A.X.S, experiments [19, 20] were performed at
the Laboratoire d’Utilisation du Rayonnement Electromagnethue (LUR.E,CNRS.-C.EA.,
Paris X1, Orsay, France) on the D22 diffractometer [21].

In Small Angle X-ray Scattering Experniments, S A.X.S.; the scattered intensity is a function
of the scattering angle, contrast, volume fraction, surface area, shape and size distribution of
the scattering aggregates. The contrast is the electron density difference between the scat-
tering aggregates and the surrounding matrix. Usually, S.A X.S. is done in a transmission
geometry. A new method in the scattering experiment is to align the sample in a grazing
incidence geometry rather than in transmission one. This 1s the grazing incidence small angle
X-ray scattering, G.I.S.A.X.S. The grazing incidence measurements were carried out by us-
ing a double-crystal monochromator, with two Ge (220) slabs. This selects a narrow energy
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bandwidth (AE/E = 5 x 107%) in synchrotron beam emitted by the storage ring LURE-DCI
running at 1.85 GeV. The beam was quasi-parallel to the horizontal plane. The chosen photon
energy 15 8049 eV, which corresponds to a wavelength of 1.54 A. Two sets of horizontal and
vertical slits were used to define a very narrow beam of 0.1 mm width in the vertical plane
and 1 mm 1n the horizontal. The incident X-ray intensity was monitored by a Nal scintillator
placed in front of the sample. The sample was set in the middle of a specially built cylindrical
chamber [22] so that the sample could be aligned under the grazing incidence. The sample was
positioned with its surface parallel to the X-ray beam. Two adjustments could be used for this:
translation motion of the chamber and rotation of the sample. We considered the incidence
angle a, to be equal to the zero (@ = 0 or the surface of the wafer is parallel to the X-ray beam)
when the intensity of the incoming beam was reduced by 50%. The monochromator, slits and
the chamber were all maintained in a vacuum of 1.3 torr with pipes connecting the different
elements of the experimental set-up. The distance between the sample and the recording plane
was at 650 mm. The scattering pattern of the sample was obtained with an Imaging-Plate
(IP) detector. To analyze this two-dimensional image, cross sections will also be shown when
discussing the following results.

1.23. SAXS. and G.I.S A.X.S Treatments. — Assuming N particles, the scattered intensity
I(q) is
I(g) =N P(g) S(9) (1)

where q is the wave vector and is equal to 4r(sin#)/A (26 is the diffusion angle) and P(q) and
S(q) are the form factor and the structure factor, respectively.

The form factor, P(q). gives the average shape of the particles in 3D and 2D by S.A.X.S
and G.I.S.A X.S., respectively

Because of the low volume fraction of Ag,$ particles dispersed in heptane (less than 0.01%),
the structure factor, which takes into account the interactions between aggregates, can be
assumed to be equal to unit. The scatter intensity is equal to the form factor.

The electron density of capped AgyS crystallites is higher than that of the particle surface
HS (Cy2Hsy), formed by a dodecanethiol layer, and the scatter is due to spherical shells. The
form factor is described by an inhomogeneous sphere model:

P(Q) = [((Ps - player)vlayerB(q Tlayer)) + ((Player - PAgQS)UAngB(q TAng))]2 (2)
with ]
sing v, —q r,cosq r,
B{gr,)=3
(gm) { Gr) }

where vag,s and rag,s are the volume and the radius of the particle without a layer and
Vlayer aNd Tlayer are the volume and the radius of the particle surrounded by the layer formed
by dodecanethiol (Ci2Hg4SH) at the particle surface. The electronic densities are fixed as
Prayer = 0.3 e A3 pags =2.62e A3 and p, =02 A3,

The thickness of the layer is defined as riayer — Tag,s = 4 A.

The polydispersity in size has been estimated by assuming a Gaussian distribution. A root
mean square deviation, o, from the mean particle radius, (rag,s), broken brackets is deduced
as previously described. From the Porod plot. I(q) ¢* vs. ¢, the characteristic diameter, D., is
related to the first maximum and minimum of this representation by the following relationship:

0.54 0.9
== (3)

gmax grnun

D (nm) =

G LS. AX.S. is a recent surface analysis technique for the study of islands deposited on a
flat surface. Consider the situation depicted n Figure 1, where a standard grazing incidence
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Fig. 1 — Scheme of the grazing incidence small angle X-ray scattering principle at critical angle.

geometry 1s shown. The incoming X-ray (Iy) encounters the surface of the substrate. When
the incidence angle a is equal to the critical angle a¢ of silicon (@, = 0.22°), a refracted beam
(I}) travels parallel to the surface and provides a considerably enhanced sensitivity. In fact, the
refracted beam acts as a primary beam and consequently it gives a scattering signal (1) if there
are aggregates on the surface. This is represented schematically by a dash area in the recording
plane of the figure. The recording plane, indicated by the g,- and g¢,-axes. corresponds to a two
dimensional detector (Imaging Plate for example). The momentum transfer ¢ (g = 47 (sin#)/\)
is equal to:

q=qy +q,.

Moreover, the impact of the reflected beam I, onto the image plate is represented by r. Just
before the detector, a vertical beam-stop masks the strong intensity of the reflected beam.
However, just only half of the scattering signal can be measured because the substrate avoids
the lower scattering to be seen.

2. Results and Discussion

Sodium di(2-ethylhexyl) sulfosuccinate usually called Na(AOT) is used to form water in oil
droplets called reverse micelles [23]. The water content, w = [H2O]/[AOT]. is fixed to 20. This
corresponds to an average droplet diameter equal to 6 nm [24]. Synthesis of AgsS nanocrystal-
lites is performed by mixing two 0.1 M Na(AOT) micellar solutions: one contains 8 x 1074 M
of sodium sulfide, Na,S, and the second one contains 8 x 10=* M Ag(AOT) [9]. Due to Brow-
nian motion, some collisions between droplets are efficient and the exchange process between
water pools occurs. This favors the coprecipitation reaction between Ag™ and S~ 1oms. A
few minutes after mixing the micellar solutions, silver sulfide, AgsS, nanosized particles are
formed. Figure 2 shows the T.E.M. micrograph and histogram. The average diameter is 5 nm
and the size distribution is closed to 30%.

Pure dodecanethiol is added to the reverse micellar solution containing AgsS nanocrystal-
lites. After evaporation at 60 °C, the precipitate 1s washed with ethanol and filtered. The
nanocrystallites coated by dodecanethiol are dispersed in heptane forming an optically clear
solution.
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Fig 2 — Electron microscopy micrograph (A) and histogram (B) of Ag:S particles made in reverse

mucelles at water content (w) equal to 20

The average size of the coated particles dispersed in heptane is determined from the max-
imum and minimum of the Porod Plot given in Figure 3. We found it to be equal to 5.8 nm
and 5.5 nm respectively with 14% in polydispersity.

The T.E.M. micrograph obtained by evaporation of the diluted solution on a carbon grid
shows the formation of a monolayer of particles on a very large domain (Fig. 4A). The histogram
given in Figure 4B confirms an average particle size equal to 5.6 nm and the decrease in
size distribution (14%) compared to that obtained in reverse micellar solution (Fig. 2). The
T.E.M. micrograph shows that particles are ordered in monolayers forming hexagonal network
(Fig. 4A). The average distance between particles is rather constant and is equal to 1.8 nm. It
can be noticed that some parts of the carbon grid are not recovered by the monolayer (Fig. 4A).

When the carbon grid is left inside a concentrated solution made of Ag,S particles, islands are
formed in a very large domain (Fig. 5). Monolayers are still present in the T.E.M. micrograph.
However in some part of the carbon grid, neither mono- nor multi-layers are observed. Enlarged
view of an island, obtained in Figure 5, shows that it is formed by highly nanoparticles organized
(Fig. 6A). High resolution of this island shows a high orientation of the particles in a, four fold
symmetry (Fig. 6B). This is attributed to orientation of the particles in the {001} plane of
face centered cubic (f.c.c.) structure. As in a crystal, stacking defect in multilayer structure
can be observed (Fig 6A). Furthermore, other organizations are also observed on the same
T.E M micrograph. Figure 6C shows hexagonal symmetry, which corresponds to the stacking
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Fig 3. — Porod representations obtained from S.A X.S. experiments of silver sulfide particles
dispersed in heptane (0) experimental data, ( — ) simulated curve
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Fig 4 — T.E M micrograph of a monolayer of 5 6 nm AgS particles (A) and 1ts histogram (B)
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Fig. 5 — T.E M micrograph of particles obtained in a very large domain

of a {110} plane of the face centered cubic (f.c.c.) structure.

To study on a larger domain the mono- and multi-layers G.I.S.A.X.S. technique was per-
formed. The solid support was a flat wafer and was immersed in the same experimental
conditions (same solution) as the carbon grid used for T.E.M. micrograph and shown in Fig-
ure 5.

The scattering pattern (Fig. 7) shows two strong scattering streaks, symmetrical with respect
to the vertical beam-stop. The weak streaks, observed along ¢, and ¢. axes, were second order
scatter and indicate a high degree of organization of the aggregates in the planes parallel to
the wafer surface. This is confirmed by the presence of the two strong streaks.

Figure 8A represents a cross section along g¢,, for ¢; = 0 The two mamn peaks of the
2D pattern are very sharp. That means the interference between aggregates 1s strong and
indicates that the aggregates are very regularly distributed in the plane parallel to the wafer
surface. According to T E.M. observations indicating a stacking of particles in a face centered
cubic (f.c.c.) structure, the two main streaks correspond to {111} diffracting planes and the
maximum in intensity observed in Figure 8A gives the mean distance between these planes:

2
d111 = —z = 8 nm.
ga
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Fig. 6. — T.E.M micrograph of an island shown in Figure 5A, magnification of the 1sland shown on
A (B) and magnification of another 1sland presented in Figure 5C

The mean inter-particle distance can be deduced and it is equal to

2di1;
V3

Hence the mean distance between aggregates determined by T.E.M. and G.I.S.A.X.S. are found
equal to 7.8 nm and 9.2 nm respectively. The difference between these two techniques can be

= 0.2 nm.
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Fig. 7 — G LS A X.S pattern of multilayers of Ag,S particles.
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Fig. 8. — Cross sections of G 1.5.A.X.S. pattern shown 1n Figure 7 along g, (A) and ¢, (B) axis

explained in term of the explored area: the T.E.M. micrograph shows organization of particles
on a restricted area. The largest domain to measure the particle size and the inter-particle
distance can be estimated to an area closed to 10~'* m?. By using G.I.8.A.X.S. technique,
the cross section of the X-ray beam is 107% m?. Hence by G.I.S.A.X.S. the structural study
is performed in a much larger domain compared to T.E.M. Figure 5 shows the presence of
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zones which do not contain either mono- or multi-layers. It 1s reasonable to assume that
similar behavior takes place on wafer support. Hence the absence of layer in some part of
the solid support could explain the slight difference on the average distance between particles
determined by T.E.M and G.I.S.A.X.S. and in the first approximation there seems to be a
good agreement.

The cross section along g, for q, = gqA shows a regular oscillation of the intensity with ¢,
(Fig. 7C) This indicates that particles are also well ordered in the vertical direction over a
large surface. These oscillations are the secondary maxima of a diffraction grating due to the
stacking of several layers of AgsS monolayers. From the Agq, distance between two maxima we
found the total thickness T of the multilayer:

21

T =
Ag,

= 50 nm.

This corresponds to an average of 7 layers of silver sulfide particles. Again because of the
large domain of exploration by G.I.S.A.X.S., some of the supperlattices of silver sulfide are
characterized by more than seven layers whereas others are formed by a smaller number of
layer.

The envelope of the intensity along g, corresponds to the mean form factor of the aggregates.
It reaches zero for ¢, = 0.1 A~'. Such a value gives 6 nm for the mean diameter of an aggregate.
This data is a good agreement to that obtained by S.A.X.S. (Fig. 3) and by T.E.M. micrograph
(Fig. 4)

Let us notice that in the vertical direction (along ¢.) the structure factor S(q) of equation
(1) does not avoid the experimental deternunation of the size as for the horizontal direction;
only a few aggregates are seen in the g, direction

Conclusion

The present paper shows ordered three dimensional arrays of AgsS nanoparticles. They have
been observed by using two complementary techniques: Transmission Electron Microscopy,
T.E.M, and Grazing Incidence Small Angle X-ray Scattering, G 1.S.A.X.S. By using T.E.M. a
direct evidence of a stacking of 5.6 nm Ag,S nanoparticles in a face-centered cubic structure
is observed The average distance between particles is found equal to 7.8 nm Taking into
account the 3D structure observed by TEM. the GISAXS technique gives quantitative average
parameters on the number of layers and on the mean inter-particle distance. They are found
equal to 7 layers and 9.8 nm, respectively. At large ¢ angle, the average size of the particle
is determined by G.IS.A.X.S. and S.A.X.S. This is in good correlation between these two
measures. A good agreement between the T.E M and G.I.5.A.X.S techmques is obtained.
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