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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 in
the solution, mono and multilayers made of nanosized particles are formed The

monolayer is arranged in a hexagonal network ~vhereas 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 is pro-

vided

Rdsum4. Dans cet article, la pr4paration et la caract4nsation de r4seaux ordonn4s h deux

et trois dimensions de uanocristallites de sulfure d'argent sont pr6sent6es. La morphologie des

r4seaux est Atud14e h l'aide de deux techniques la microscopic 4Iectronique h transmission et la

diffusion des rayons X aux petits angles sous incidence rasante. La microscopic 4Iectronique met

en 4vidence
un empilement de nanoparticules scion une structure cubique h faces centr4es La

distance moyenne entre particules et le nombre de couches formant la structure tridimensionnelle

sont d4termin#s

Introduction

In the last decade
a great effort has been devoted to control the size of nanoparticles iii. Various

colloidal methods as, reverse [2j and normal [3j micelles, Langmuir-Blodgett films [4j, zeolite [5j,
two phases liquid-liquid system [6j, organo-metallic techniques [7j and others, have been used
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to control the size and polydispersity. In the range of I to 10 nm, unusual size dependence of

the electronic properties of small metal [8-10] and semiconductor ill,12j 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 [14,16j. 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 Iii, 18].

In this paper, preparation and characterization of ordered 2D and 3D arrays made of Agjs
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
m 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

I I. PRoDucTs. Sodium di(2-ethylhexyl) sulfosuccinate usually called Na(AOT) was ob-

tained from Sigma; isooctane from Fluka, sodium sulfide Na2S from Janssen. Silver di(2-
ethylhexyl) sulfosuccinate, Ag(AOT),

~v.as prepared as described previously [9j.

1.2. APPARATUS

1.2.1 Transmission Electron Microscopj; 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, a, is calculated from the following equation:

E[n~ (D~ D)~j ~~~

~ IN II

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-S-A-X-S, experiments [19, 20j were performed at

the Laboratoire d'Utilisation du Rayonnement (lectromagnetique IL-U-R-E
;

C-N-R-S--C-E-A-,
Paris XI, Orsay, France) on the D22 diffractometer [21j.

In Small Angle X-ray Scattering Experiments, 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 is 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 moiiochromator, with two Ge (220) slabs. This selects a narrow energy
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bandwidth (AE/E
=

5 x 10~~) 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 is 8049 eV, which corresponds to a wavelength of1.54 I. Two sets of horizontal and

vertical slits were used to define a very narrow beam of 0.I mm
width in the vertical plane

and I mm m
the horizontal. The incident X-ray intensity was monitored by a NaI 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 la
=

0 or thn 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 of1.3 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.

1.2 3. S A.X S. and G-I-S A-X-S treatments. Assuming N particles, the scattered intensity
Ilq) is

Ilq)
#

N Plq) Slq) Ii)

where q is the wave vector and is equal to 4~(sin 6) IA (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 Ag2S 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 Ag2S crystallites is higher than that of the particle surface

HS (C12H24): formed by a dodecanethiol layer, and the scatter is due to spherical shells. The

form factor is described by an inhomogeneous sphere model:

P(~)
"

(((Ps Player)VlayerB(q rjayer)) + ((Player PAg2S)VAg2SB(q rAg2S))j~ (~)

with

Bi~ r~)
=

3
~~~ ~ ~ i

i~ii~°~
~ ~~

where vAg~s and rAg~s are the volume and the radius of the particle without a layer and

viaj.er and riayer are the volume and the radius of the particle surrounded by the layer formed

by dodecanethiol (C12H24SH) at the particle surface. The electronic densities are fixed as

player =
0.3 e~i~3,

pAg~s "
2.62 e~i~3, and ps =

0 2 e~
i~3.

The thickness of the layer is defined as ~jayer rAg~s =
4 I.

The polydispersity in size has been estimated by assuming a Gaussian distribution. A root

mean square deviation,
a,

from the mean particle radius, (rAg~s), broken brackets is deduced

as previously described. From the Porod plot, I(q) q~ vs. q, the characteristic diameter, Dc, is

related to the first maximum and minimum of this representation by the following relationship:

De (nm)
=

~'~~
#

~'~
(3)

qmax qmm

G I.S.A.X.S. is a recent surface analysis technique for the study of islands deposited on a

flat surface. Consider the situation depicted
m Figure I, where a standard grazing incidence
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Fig 2 Electron microscopy micrograph (Al and histogram (B) of Ag2S particles made in reverse

micelles at water content jw) 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§l in polydispersity.
The T.E.~I. 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 48 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 Ag2S 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. 68). This is attributed to orientation of the particles in the (001) plane of

face centered cubic if-c-c-) structure. As in a crystal, stacking defect in multilaj.er structure

can be observed (Fig 6A). Furthermore, other organizations are also observed on the same

T-E M micrograph. Figure 6C shows hexagonal svmmetrv, which corresponds to the stacking
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Fig 3. Porod representations obtained from S.AX.S. experiments of silver sulfide particles
dispersed in heptane (U) experimental data, simulated curve
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Fig 4 T-E M micrograph of
a monolayer of 5 6 nm

Ag2S particles (A) and its histogram (B)
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nm

c

14,5 nm

Fig. 6. T-E-M micrograph of an island shown in Figure 5A, magnification of the island shown on

A (B) and magnification of another island presented in Figure SC

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

Hence the mean distance between ggregates
determined

by T-E.M. and G-I-S.A.X.S. are found
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Fig. 7 G I-S A X-S pattern of multilayers of Ag2S particles.

A

2000

-o.i -o.05 o o.05 oi

B

2000

o.05 o. I qz (A~ ~)

Fig. 8. Cross sections of G I-S-A-X-S- pattern she»~n in Figure 7 along q~ (A) and qz (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~~3 m~. By using G-I-S-A-X-S- technique,

the cross section of the X-ray beam is 10~6 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 is 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 qz for q~ =

qA shows a regular oscillation of the intensity with qz
(Fig. 7C) This indicates that particles are also well ordered in the vertical direction over a

large surface. These oscillations are the semndary maxima of a diffraction grating due to the

stacking of several layers of Ag2S monolayers. From the Aqz distance between two maxima we

found the total thickness T of the multilayer:

T
=

~~

=
50 nm.Aqz

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 qz corresponds to the mean form factor of the aggregates.

It reaches zero for qz =
0-1 i~~. 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 qz) the structure factor S(q) of equation
ii) does not avoid the experimental determination of the size as for the horizontal direction;
only a few aggregates are seen in the qz direction

Conclusion

The present paper shows ordered three dimensional arrays of Ag2S 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 I-S-A-X-S- By using T-E-M- a

direct evidence of a stacking of 5.6 nm Ag2S 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 q angle, the average size of the particle
is determined by G-I S-A-X-S- and S-A-X-S- This is m good correlation between these two

measures. A good agreement between the T-E M and G-I-S-A-X-S techniques is obtained.
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