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Abstract. The luminescence spectra of CdS particles obtained by sedimentation method are studied. The
comparison of measured and calculated photoluminescence spectra was used as the base of the method
defining the shape distribution of the particles. For this purpose one can use the symmetry rule for absorp-
tion and luminescence spectra. Absorption spectra were calculated via dissipative function in terms of local
field theory. The experimental spectra of the photoluminescence were measured during the process of sed-
imentation in the CdS nano-composite powder. The modification of luminescence spectra detected during
sedimentation time is associated with changing the dimension and shape distributions of CdS suspension.
As a result, the particles shape distribution was estimated for sizes less then 1 pm.

PACS. 61.46.Df Nanoparticles — 78.67.Bf Nanocrystals and nanoparticles

1 Introduction

The development of nano-technologies requires the effec-
tive methods to control the parameters of nano-systems.
There are numerous methods, which are used for this pur-
pose, such as electron microscopy [1], X-ray [2] and opti-
cal spectroscopy [3], etc. Optical methods are the most
demanded in characterization of nano-composites. The
widely used optical methods such as luminescence and ab-
sorption spectroscopy allow studying of numerous charac-
teristics of materials. However, the standard approaches to
luminescent and absorption spectroscopy become invalid
for nano-composites. This is because, as it is known, opti-
cal properties depend on both the dimension and shape of
nano-particles [4-6]. Moreover, one needs to measure the
extremely weak signals. Then, the methods of these sig-
nals analysis should allow discriminating the usable parts
of the signals. This means that the role of theoretical mod-
eling increases. Theoretical approaches have to take into
account the essentially inhomogeneity and shape depen-
dence of the system under consideration. Photolumines-
cence is a simple, sensitive, non-destructive technique [7].
In particular, photoluminescence is used to study physi-
cal properties of semiconductors [8]. Due to its high sensi-
tivity, this method does enable to study dilute solutions,
composite materials with small contents of emitted com-
ponent, etc. The bulk CdS crystals concern to a class of
crystal-phosphorus with a high quantum yield of the lu-
minescence [9]. The CdS films are widely used as a compo-
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nent of solar devices [10]. The usage of CdS nano-particles
as luminescent markers in modern biology is widely dis-
cussed as well [11]. Thus, the obtaining of composites
based on CdS nano-crystallites in a neutral matrix is per-
spective for the development of new technologies.

The dependence of absorption and luminescence spec-
tra on the shape and dimension of particles [5,6,12] needs
to separate the particles both on the shape and on the di-
mension. The sedimentation method could allow succeed
in it. In the case of submicron particles the dependence on
shape is prevalence. Then, one should separate the heavy
particles, which dimensions are sufficiently large. The sed-
imentation of the small particles suspension in the non-
polar liquid can lead to the remaining of particles which
are mainly characterized by the same shape and linear di-
mensions in fixed cross-section of the sell. Then, the small
particles with the approximately same dimensions will be
prevalent in the layer of suspension in the system under
consideration (see Fig. 1). Then, the luminescence spectra
will mainly depend on shape distribution of the particles.
We can use this fact for definition of shape distribution in
this work.

2 The separation of nano-particles
by dimension and sharp with sedimentation
method

To obtain nano-particles of definite shape and dimension
one can use the sedimentation method, the main idea of
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Fig. 1. Set-up of experiment. Suspension of CdS nano-particles
is form sediment in the quartz cell. The fixed layer of the sus-
pension (marked by white dash lines) is radiated by excitation
ultra-violet beam. Detecting system detects the luminescence
spectrum.

v
S

Fig. 2. The drowing of plate-like, cube-like and stick-like par-
ticles.

which consists in settling out the nano-crystallite powder
by gravity [13—16]. Obviously the heavy particles have to
settle more quickly. Then the heavy particles will not be
presented at fixed cross-section of the cell at appointed
time. Due to hydrodynamic properties the particles char-
acterized by stick-like and cub-like shapes have to settle
more quickly than the plate-like particles (see, Fig. 2) of
the same weight. Taking into account these circumstances
we can suppose that differences of luminescence of the
particles from appointed cross-section of the sedimenta-
tion column are caused by different shapes of the parti-
cles. The process of sedimentation was performed by the
next steps. The first step consisted in dust preparation.
Particularly, high cleanliness and milled in an agate mor-
tar powder of CdS was intermixed with alcohol for homo-
geneous suspension. The next step was the settling of the
suspension. For 60-120 min heavy fractions of CdS powder
settled on the bottom of the cell. As a result, the suspen-
sion of submicron dimensions particles was obtained. As
the water is a dipole medium, the electrostatic interaction
between the water and crystallites can lead to the meshing
of particles with each other, and aggregates of the parti-
cles could arise. As a result, the spectrum of luminescence
can disfigure. Therefore the study should be carried out in
non-polar liquid, for example, in alcohol. For this case the
sedimentation happens much faster. Then, the process of
experimental measurements should be carried out during
not long time. This fact leads to the request for use of the
automatic high sensitive experimental equipment for the
registration of weak signals from luminescent particles.
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To make sure that the sedimentation process allows
us to obtain sufficiently homogeneous on the weight sus-
pension we simulated numerically this process, where the
initial distribution of particles obtained by a mechanical
refinement was supposed as Gaussian, with the average of
distribution of the dimension Ry = 0.35 ym [17], namely it
was supposed as N = (No/ov/2m) exp [—(R — Ro)?/0?],
with o dispersion of particle distribution over size. Then,
the concentration of particles with the average dimension
Ry at the height h is described by equation

sign (h —x;) + 1)
2 )

(1)

where x; = Ut is the depth at which the particle falls
for time ¢. To obtain the velocity U; we have written the
motion equation for the particle with the radius R; in the
form

N;(h,t) = N? - (

pVig = 6mp, v RU; + pugVi, (2)
where V; = (4/3)7R? is the volume of particle with the
radius R; , p, and v are the density and viscosity of solvent
and g is the acceleration of gravity. Solving equations (1)

and (2) one obtains the number of particles with the radius
R which are situated at the h depth of the sell

Ny
20\/%

—(R—Ro)?/o

2
e - sign (h

—(2/9)R%g ((p— po)/pur) ), (3)

where normalization factor is

N(R,h,t) =

No = 3M/(4mpI), (4)

with M the mass of the particle and I = [ Ce—(€/Ro=1)%g¢
0

This dependence of particles distribution on time is
shown in Figure 3. One can see that the particles, which
remain in the suspension after 8 h of sedimentation, will
be less than 0.2 um. Then, it could be supposed that in-
vestigated suspension consists of nano-particles which lu-
minescent properties are defined by its shapes. The study
of suspension with optical microscopy has given us an ad-
ditional corroboration of nano-dimension of the particles
under consideration. Indeed in Figure 4 one can see that
the dimensions of the particles in the suspension are about
or less than 0.1 pum. Due to the crystalline lattice of CdS
(we used CdS crystals with a zincblend lattice), the grind-
ing of CdS crystals will lead to obtaining the powder char-
acterized by the rectangular shape particles with different
ratios between the edges (it is well visible at the AFM im-
age). Then, one can suppose that three types of the shape
of the particles will form the suspension after sedimen-
tation — cube-like, plate-like and stick-like. Taking into
account that absorption and luminescence spectra of the
particles depend on the particles shape, one can estimate
the shape distribution of the particles in the suspension
using the experimentally obtained luminescence spectra.

The luminescence spectra were measured in the exper-
iment, set-up of which is shown in Figure 1. The photolu-
minescence was excited by the xenon lamp of wavelength



V. Lozovski and G. Strilchuk: An estimate of shape-distribution of small CdS particles with luminescence spectra

1,04 a .
0,81 .
/)
/7
~ 0’6' /
eﬂ/ b /7
Z 0,4+ '/'/ :
4 1
0.2- :
C 1
0,0 . ' .
0,0 0,2 0,4
R, um

Fig. 3. Particle size distribution: (a) at the initial moment,
(b) after 4 h, (c) after 8 h.

Fig. 4. Image of particle, make on optical microscope. Particles
size are defined less or 1 pm.

A = 337 nm, which was focused at the upper part of the
sell. The luminescence spectra were detected every 15 min
during 10 h. In the course of time the luminescence spec-
tra varied. The evolution of the spectrum measured af-
ter 15 min, 3 h and 6 h is shown at Figure 5. The first
spectrum measured after 15 min sedimentation (curve a)
has the bell-shaped profile, with the peak at frequency
18000 s m~*. It has wide, weakly structured profile that
corresponds to a spectrum of a bulk material. Spectrum
measured after 3 h has peak at frequency 2.23 eV, and
also additional, weakly expressed peak centered at 2.04 eV
(curve b in Fig. 5). The occurrence of this peak can be con-
nected with the increase of the relative number of plate-
like particles in the cross-section of the suspension. After
the lapse of 6 h, the spectrum has two pronounced peaks
(at 2.23 eV and 2.04 eV). This means that the stabilization
of the shape distribution in the suspension took place. One
should note that in this case, the intensity of radiation is
weaker as compared with the previous cases, because the
amount of emitting particles decreased.
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Fig. 5. Photolumioescence spectra after 15 min (a), 3 h (b)
and 6 h (c), sedimentation in spirit.
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Fig. 6. Model of nano-particles under consideration (a) cube-
like; (b) plate-like; (c) stick-like.

3 Modeling of luminescence spectra

The basic aim of these experimental and theoretical
investigations is to separate the CdS powder by partic-
ular size and shape. Since CdS material has good lumi-
nescent properties, luminescence of nano-particles can be
observed during the sedimentation process even at small
concentrations of a powder. Luminescence properties of
nano-particles are strongly termed by their size and shape,
which make it possible to estimate the sizes and shapes
of particles by comparing theoretical and experimental lu-
minescence spectra of dilute suspension. To estimate the
luminescence spectra we used the symmetry of lumines-
cence and absorption spectra principle.

There are a lot of methods for describing absorption
properties of nonaparticles. For example, one can point the
works performed by Fuchs method [18,19]. The absorption
properties of electron near dielectric surfaces were ana-
lyzed by boundary element method in [20,21]. The local
field distribution in the nano-particle system can be calcu-
lated with widely used method of discrete-dipole approxi-
mation [22,23]. In most cases the methods of calculation of
electrodynamical properties of nano-systems are based on
direct solution of Maxwell’s equations. We could use these
methods for calculating absorption spectra, but solution
of Maxwell’s equations in the case of different rectangular
particles is very complicated, and derived result usually
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is not analytic, however it is very important for our nu-
merical method. Discrete-dipole approximation method is
not opportune for spherical or ellipsoidal form particles.
Due to this we appeal to method of local-field distribution
calculation, this method allows us to obtain analytically
the effective susceptibility, which is the important charac-
teristic of the system. The effective susceptibility method
for calculation of local field distribution in the system of
nano-particles was developed in [24-26]. The main idea of
the method consists in calculation of dissipation function
of the system which can be written via effective suscepti-
bility. The method allows us to obtain analytical solution
of the Lippmann-Schwinger equation for the local field in
arbitrary point of the system via effective susceptibility.
This is completely analytical method which allows us to
describe particles with different form. In the present work
this method was used for calculation of effective suscep-
tibilities (and it automatically means — dissipative func-
tion) for rectangular-shape particles.

The absorption spectra were calculated in the frame
of local-field approach using near-field approximation. It
was supposed that particles in suspension have plate-like,
cube-like and stick-like shape. To calculate the absorption
spectra we estimated the dissipative function of the sys-
tem taking into account its dilution. The term dissipative
function used for the energy absorbed by the unit of vol-
ume of the system per unit of time can be presented in
the form

Q= n((J +J*)(E + Ev)), (5)

with J(R) local current inside a particle, E(R) local field,
and n concentration of the particles in the suspension. The
next designation used in equation (5): (...) is the averag-
ing over the volumes of the particles, (...) means the time
averaging.

The particle is described by the effective susceptibil-
ity [26]
X(W)Pij(Raw)a (6)

where y(w) is the electric linear response of the material
of particle (the linear response on the total field), and

Xij (é, LU) =

—1

Py(Row) = |6, — / AR'Gi(B, R, w)x(w) (7)

is the factor, which describes the local-field correction.
Here Gy (ﬁ, R, w) is electrodynamic Green function (pho-
ton propagator) [27] which describes the field propagation
from point B’ to point K. Integration in equation (7) is
over volume of the particle. Then, the dissipative function
can be written in the form

o

with Iy intensity and € polarization vector of external ra-
diating field. The using of linear response method allows
us to calculate analytically the local field correction factor

- S

Q = 2wnlplm(y P(R
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for the simple shape of the particles in the frame of near-
field approximation. It leads to essential simplification of
numerical calculations. Namely, one only needs to calcu-
late the final equation [Eq. (8)] defining the absorption
profile. To calculate the local field correction factor in the
near-field approximation we used the photon propagator
in the form

- o 1 2 - 3c?
/ _ N
G(R, B\w) = 47 |w? - R3 w2 R3 er

} )

with U unit dyadic, By, = R — R, ‘R R,

€r = ES/RS. Green function ail(]:f,R ,w) has a pole at
R’ = R, and evaluation of integral in equation (7) be-
comes nontrivial problem. This problem is well-known and
related to the so-called radiation reaction field. The prob-
lem can be solved in the frame of scheme proposed by van
Bladel [28] and Yaghjan [29]. The main idea of this ap-
proach is to introduce the exclusion volume V5 whose de-
polarizing properties are accounted for by a special source
dyadic [28-30]. Then, when calculating the self-consistent
field the following relation should be applied

. O 1

B(R) = il [ ARG R)I(H)-
V—Vs

(10)
The polar part of an effective susceptibility depends
on electromagnetic interaction between an object and a
medium, in this case, the interchanging of a virtual pho-
ton with a surrounding medium. In the frame of forego-
ing scheme, we have calculated the absorption profiles for
different cases of the particles shape (Fig. 7). Total ab-
sorption profile was defined as the sum of partial profiles
caused by the light absorption of the particles for three
kinds of the shape
I (@) = fIih @) + LI w) + Ll @), (1)
abs c p Stabs ’
where f., f, and fs are the comparative parts in the
suspension of cube-like, plate-like and stick-like particles,

respectively. ISZ)S( ) is the partial absorption profile for
® (w) is the partial absorption profile

cube-like particles, I,
for plate-like particles, and I, (2) ps(w) is the partial absorp-
tion profile for stick-like partlcles [31].

Choosing values of f., f, and f, in such way that
the total absorption profile would have a view similar to
any reflected frequency the luminescence spectrum, we
obtained for these coefficients f. = 0.2, f, = 0.67 and
fs = 0.13. As it is clear, the values f., f, and f, define
the shape distribution of the particles. Total absorption
spectrum for obtained shape-distribution of the particles
in the suspension is shown at Figure 8. The spectrum of lu-
minescence obtained by reflection relatively any frequency
is shown at this figure too. The comparison of the calcu-
lated and experimentally obtained luminescence profiles
is shown at Figure 9. One can see, that calculated and
experimentally obtained profiles are very similar.
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Fig. 7. Absorption spectrum of plate-like (a), cube-like (b)
and stick-like (c) particles.
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Fig. 8. The construction of luminescence profile as reflection
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Fig. 9. Measured (1) and calculated (2) luminescence profiles.

This means that obtained shape distribution of the
particles is, at least qualitatively veritable. Of course, we
have taken into account only three kinds of particle shape,
which make strongly worse the result. Moreover, only de-
fined relations between the edge lengths for plate-like and
stick-like particles were used. There were a,/a, = 2/3
for plate-like particles and a,/a, = 5 for stick-like parti-
cles. These values of ratio were chosen taking into account
the results of modeling as hydro-dynamical as absorption
properties of suspension under consideration. Of course,
even remaining in the frame of this simple model, one can
essentially improve the results and obtain more adequate
distribution function for shape distribution of the suspen-
sion. Indeed, if one will take into account not one but two
kinds of plate-like particles, the structure of the peak at
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Fig. 10. AFM pattern of the silica surface at which the CdS
particles were sedimented.

2.04 eV could be obtained. Nevertheless, proposed scheme
demonstrated that even in the simplest cases one can ob-
tain rather good results.

If the speculations used in this paper are correct, then
the fixed layer of solution after some hours sedimenta-
tion will consist mainly of plate-like particles. In support
of this concept we observed the sedimentation of suspen-
sion for 6 h. Then we took the probe from layer under
consideration and placed it on the surface of silica. The
surface, which was prepared by such method was ana-
lyzed with the help of AFM. At Figure 10 the AFM im-
age is shown. Here the graduating marks are 1 pym for
OX and OY axes and 0.05 pym for OZ axis. As it can
be seen, the particle N 1 is characterized by dimensions
1 x 1 x 0.025 (um)3, the particle N 2 is characterized by
the dimensions 0.8 x 0.2 x 0.025 (um)? , the particle N 3 is
characterized by the dimensions 0.2 x 0.2 x 0,025 (um)3.
All particles are similar to the plate-like particles with dif-
ferent ratios between their linear dimensions. This result
experimentally confirms our assumptions.

4 Conclusion

The luminescence spectra of small CdS particles, obtained
by sedimentation method were measured. The compari-
son of measured and calculated photoluminescence spec-
tra was used as the base of the method defining the
shape distribution of the particles. Then, the simple ap-
proach allowing us to estimate the shape distribution of
the nano-composites was proposed in this work. For mod-
eling luminescence spectra it was supposed that the lu-
minescent spectrum can be obtained as symmetrically
reflected absorption spectrum, which can be calculated
in the framework of effective susceptibility concept. Pro-
posed approach was demonstrated for the simple case of
nano-composite which is constituted of alcohol suspension
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of CdS particles with linear sizes less than 1 gm. The cal-
culation of absorption profile was performed in the sim-
plest model, taking into account only three types of the
particle shape — cube-like, plate-like and stick-like. Nev-
ertheless obtained results are reconcilable and give the
characteristic features of CdS small particles suspension.
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