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PERCOLATION THRESHOLD
AND LUMINESCENCE IN FILMS OF BINARY
MIXTURES OF SPHERICAL PARTICLES
COVERED WITH QUANTUM DOTSPACS 73.21.La, 78.55.Ft

The results of experimental studies of films fabricated on the basis of binary mixtures con-
sisting of bare submicron silica particles (SPs) and silica particles covered with CdS quantum
dots (NPs) are reported. The performed analysis concerns various coverage degrees and var-
ious SP-to-NP concentration ratios. By analyzing the sedimentation time and the absorption
and luminescence spectra of the NP and SP aqueous suspensions and their mixtures, two exci-
ton percolation thresholds are revealed: quasi-two-dimensional (2D) and bulk (3D) ones. The
former arises in an ensemble of CdS quantum dots on the SiO2 surface at a critical coverage
value, when the wave function of excitons spans over the whole surface of NPs. The latter
occurs in the binary-film plane at the critical concentration of NPs in the binary mixture. The
phase transition is found to take place only if the system is above the both thresholds, which
is confirmed by the optical spectra of the specimens.
K e yw o r d s: quantum dots, films, luminescence.

1. Introduction

An important feature of the percolation transition in
a two-phase system is a drastic variation of a cer-
tain parameter of this system (electric or heat con-
ductivity, transport coefficients, elasticity, and oth-
ers), which occurs at the critical concentration of ei-
ther of the phases. For example, in a dielectric ma-
trix (glass or polymer) with metal inclusions or in
the mixtures of conducting and nonconducting par-
ticles, the conductivity drastically increases at the
critical magnitude of the conducting phase concentra-
tion [1, 2]. The origin of this phenomenon consists in
the emergence of a certain fractal structure, namely,
an infinite percolation cluster of connected conduct-
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ing particles, when their concentration in the matrix
reaches the critical value.

Nowadays, the percolation cluster formation is con-
sidered to be a well studied process. It is based on the
idea of a physical cluster with confined dimensions,
in which every particle contacts directly with a cer-
tain number of its closest neighbors [1–14]. Two par-
ticles are considered to be connected if they contact
through their surfaces or if they are linked by means
of a chain of other cluster particles [1, 3, 6]. The na-
ture of this connection is specific in each case. The
most simply one can imagine a cluster of conducting
particles, when an excitation of one of them expands
over the whole cluster volume within a time interval
that is shorter that the own lifetime.

At a low concentration of the percolation phase, its
particles are mainly monomers, and only an insignifi-
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cant number of them form dimers, trimers, tetramers,
and so forth. With the growth of the concentration,
the number of finite-size clusters increases until a
threshold concentration is reached, when a percola-
tion cluster is formed, and a percolation phase tran-
sition takes place in the system. Hence, the formation
of finite-size clusters in a solid matrix in the absence
of interaction between the particles is a problem of
statistical physics, and the probability of this process
is proportional to the number of particles constituting
the percolation phase in the matrix volume [1].

For today, it is definitely established that only
one percolation threshold or one threshold concen-
tration can exist in two- and three-dimensional sys-
tems, provided no crossover [15–17]. Nevertheless, in
the late 1980s, it was found that some mechanisms
can give rise to the formation of two or more percola-
tion thresholds. For instance, in the AgI or LiI ionic
semiconductor with encapsulated spherical micron-
and larger-sized Al2O3 or SiO2 particles, the inter-
face layers around the latter enhance the structure
conductivity by two to three orders of magnitude
[16,17]. The conductivity starts to drastically grow at
a definite concentration of the inert phase, 𝑝 = 𝑝𝑐1,
reaches a maximum, and then decreases to the ini-
tial value at 𝑝 = 𝑝𝑐2. This phenomenon was also de-
tected in other mixed structures, and it was coined in
the scientific literature as a system with two perco-
lation thresholds [16, 17]. However, we suppose that
the phenomenon described in works [15–17] is a two-
stage percolation associated with the reconstruction
of the internal structure of the specimen rather than
the change of its dimensionality.

In this work, on the basis of our results (al-
though without a proper mathematical justification),
we show that there can exist two percolation thresh-
olds in the system, but with different dimensionali-
ties. For this purpose, we studied the optical spectra
of the films fabricated on the basis of binary mixtures
of colloidal particles: bare submicronic SiO2 spheres
(below, S particles, SPs) and those spheres covered
with CdS quantum dots (QDs), SiO2/CdS, (below,
N particles, NPs) to various cover fractions. The SP-
to-NP concentration ratios in the films were also dif-
ferent. The formation of finite-size clusters and the
percolation cluster in the system concerned differs
significantly from that in a solid system, because it
depends not only on the concentration of particles in
the suspension, but also on the interaction force be-

tween them (the pair potential) and the temperature,
with the growth of the latter being able to destroy the
cluster.

By studying the sedimentation time for pure SP
and NP suspensions, as well as SP +NP mixtures,
we found that the strong attraction, which was re-
sponsible for the formation of finite-size and perco-
lation clusters, took place both between N particles
and between S and N particles. At the same time,
S particles demonstrated the mutual electrostatic re-
pulsion. There are some models for the description of
the percolation threshold in colloidal systems with the
indicated types of interaction [5–12]. However, they
consider the interaction between the particles of only
identical or only different types. We found that, in
the binary SP +NP films, only N particles can form a
percolation cluster. Furthermore, this process is sub-
stantially affected by the interaction between S and
N particles, which results in an increase of the perco-
lation threshold or the critical concentration, which
was marked in the well-known work [13].

Another important result obtained by us concerns
the discovery of two percolation thresholds – quasi-
two-dimensional (2D) and bulk (3D) ones – for ex-
citons in the examined films. Those thresholds can
be distinguished well in photoluminescence (PL) and
absorption spectra. It was found that there is no
crossover between those thresholds, and the exciton
percolation in a film arises, when the system is si-
multaneously above the both thresholds. We hope for
that the results obtained in this work are enough to
confirm the model of two thresholds with different
dimensionalities in disordered porous binary films.
They can also be useful when studying the hydra-
tion of water molecules or nanoparticles on spherical
surfaces of proteins and in various biological media.

2. Experimental Part

A procedure to fabricate CdS QDs with the radius
𝑅0 ≈ 2 nm, bare SiO2 spheres with 𝑅 ≈ 150 nm,
and SiO2 spheres covered with CdS QDs (SiO2/CdS)
with the total radius 𝑅1 = 𝑅+𝑅0 in aqueous suspen-
sions was described by us earlier in works [18–20]. The
cover fraction 𝜃 of the SiO2 sphere surface with CdS
QDs amounted to 𝜃 ≈ 0.15 or 0.5. The number of
QDs was determined by scanning the spherical sur-
face; then the QDs were directly counted making use
of the AutoCAD software. The determination of the
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Fig. 1. TEM image of a cluster of N particles (tetramer) with
CdS QDs on the surface of SiO2 spheres. Contact areas bet-
ween neighbor N particles are shown in the form of spherical
caps. A distance between the centers of neighbor N particles
is also indicated

𝜃 value is a rather nontrivial task, if one takes the
spherical geometry of the substrate and the QDs into
account, as well as the concept of excluded volume
(in the next section, this concept is described in more
details). The size distributions of SPs, NPs, and QDs
are determined with the help of dynamic light scatter-
ing on a Brookhaven Zetasizer NANO 5S and using
a transmission electron microscope (TEM). The ob-
tained NP (𝑅 ≈ 165 nm) and QD (𝑅0 ≈ 2.4 nm)
sizes, as well as their dispersion (about 10%), testify
to a rather narrow distribution of the particles and
quantum dots over their dimensions and a high qual-
ity of fabricated particles. The obtained values were
corrected making allowance for the corresponding hy-
drodynamic SP and QD diameters, which is impor-
tant in the case of dynamic light scattering. This was
also confirmed by the TEM data: 𝑅 ≈ 150 nm and
𝑅0 ≈ 2.2 nm. Figure 1 demonstrates the surfaces of N
particles (with CdS QDs) associated into a tetramer
cluster.

The technology of film preparation on the basis of
SP +NP binary mixtures was also described in works
[18–20]. Films with the thickness 𝑑 = 6 ± 1 𝜇m and
the concentration ratios 𝑛1(SPs) :𝑛2(NPs) = 0.8 : 0.2,
0.6 : 0.4, 0.5 : 0.5, 0.4 : 0.6, and 0.2 : 0.8 (below, films
F1 to F5, respectively), were produced on quartz
substrates intended for recording the PL and absorp-

tion spectra. The parameters 𝑛1 (for SPs) and 𝑛2 (for
NPs) can be determined in terms of the volume frac-
tions 𝑃NP,SP of S and N particles with respect to their
total volume (𝑃SP + 𝑃NP = 1) and the ratio between
their sizes 𝛼 = 𝑅/𝑅1. In particular, for NPs,

𝑛2 = 𝛼𝑃NP/(𝛼𝑃NP + (1− 𝑃SP)).

However, since 𝑅 ≈ 𝑅1, i.e. 𝛼 ≈ 1, we may assume
that 𝑛1 + 𝑛2 ≈ 1.

Unlike the case of solid matrices, the formation of
particle clusters in colloidal suspensions occurs ow-
ing to the Brownian diffusion and depends not only
on the particle concentration, but also, as was men-
tioned above, on the pair potential. Under the micro-
gravity action, the arising clusters sink. Therefore, by
determining the sedimentation time of a suspension
(the complete sedimentation on the cuvette bottom),
it is possible to draw some conclusions concerning the
force of interaction between either S or N particles.

We studied dilute aqueous SP and NP suspensions,
as well as their 1 : 1-mixture with the dimensionless
density 𝜑 = (4/3)𝜋𝑅3𝜌 ≈ 0.0035. The sedimentation
time for the suspension of bare SPs was found to equal
6–7 days, which is a result of the particle repulsion in
the medium with 𝑝𝐻 ≈ 5.2. For the NP suspension,
the time of the complete sedimentation equaled only
about 2.5 days, which was rather unexpected. The
coating of the surface of SiO2 spheres with CdS QDs
makes it rough and increases the friction between
the surface and the suspension. As a result, the sedi-
mentation time should have increased in comparison
with that for the suspension of bare S particles. Ho-
wever, it was not the case. Furthermore, we found
that the sedimentation of the NP suspension depends
on the cover fraction 𝜃 and amounts to 4.5 days for
𝜃 ≈ 0.15 and 2.5 days for 𝜃 ≈ 0.5. The explanation
of this fact is given in the next section. Owing to
the interaction between S and N particles, the film
structure became highly porous and was character-
ized by a low coordination number 𝑧, as one can see
in Fig. 2.

Figure 3 illustrates PL bands registered for a film
obtained from the suspension of N particles with 𝜃 ≈
≈ 0.15 and, for comparison, a PL band obtained for
film F1. The difference between the shapes and the
half-height widths of both bands is the first proof of
the exciton delocalization in the array of CdS QDs
located on the surface, which will be discussed below.
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Fig. 2. TEM image of the SP+NP binary film surface. Lines
mark clusters of connected N particles

Figure 4 demonstrates the absorption spectra for
film specimens F1 (curve 𝑎) and F5 (curve 𝑏) with the
cover fraction 𝜃 ≈ 0.5, and for the film with bare S
particles (curve 𝑐). Spectra 𝑎 and 𝑏 were obtained by
subtracting spectrum 𝑐, which makes it evident that
the PL and absorption spectra of those specimens are
associated with the exciton transitions in CdS QDs
located on the surface of SiO2 spheres. Note that
the absorption spectra were obtained on a spectrom-
eter “SPEKORD M40”, and the PL ones on a spec-
tral installation with the resolution not worse than
0.5 nm. The spectra were excited using a He-Cd laser
with the wavelength 𝜆exc = 325 nm and a power of
about 10 MW, and measured at room temperature.

3. Experimental Results
and Their Discussion

3.1. Clustering, interaction, and surface
percolation in SP+NP mixtures

Before analyzing the results obtained, let us first con-
sider the formation of a percolation cluster of CdS
QDs on a spherical surface. The surface percolation
on a spherical or other convex surface is the most
difficult problem, both theoretical and experimen-
tal, despite that the edge effects associated with a
finite specimen size are absent. Therefore, the per-
colation theory does not provide an adequate way
to determine the point of percolation cluster emer-
gence in this case, unlike the 2D or 3D geometry. It

Fig. 3. PL spectra of a film of N particles with the cover frac-
tion 𝜃 = 0.15 (1 ) and film F1 (2 ). The arrow marks the energy
position of the forbidden gap in CdS, 𝐸𝑔0 ≈ 2.44 eV. The inset
illustrates a contact between two N particles

Fig. 4. Optical absorption (𝑎, 𝑏, 𝑐) and PL spectra of films
F1 to F5 (curves 1 to 5, respectively)

is well known that the percolation of excitons results
from the delocalization of their wave function over
the array of QDs located on the surface, which can
be classed to quasi-2D percolation. An advantage of
this geometry consists in that if we know the QD con-
centration on a spherical surface, we can calculate the
average distance between the neighbor QDs and draw
conclusion about the interaction between them.

However, let us first determine the value of 𝜃. As
was already marked, this is rather a nontrivial task
for the selected geometry. We consider QDs to be
absolutely hard spherical particles, which are ran-
domly deposited on the SiO2 surface. After a QD “has

ISSN 2071-0194. Ukr. J. Phys. 2017. Vol. 62, No. 10 877



N.V. Bondar, M.S. Brodyn, N.A. Matveevska et al.

touched” the surface, it does not move, and every
next QD can occupy only an empty place. The de-
position process terminates, when a new QD cannot
be placed on the spherical surface without its over-
lapping with existing QDs that were deposited ear-
lier. Those are the main points of the random sequen-
tial adsorption (RSA) model (see work [21] and the
references therein). In this case, the quantity 𝜃 can
be determined as 𝜃 = 𝑁/𝑁0, where 𝑁 is the num-
ber of QDs counted on the spherical surface, and 𝑁0

the maximum number of QDs that can be arranged
on a spherical surface, using their hexagonal dense
packing. The latter parameter equals [22]

𝑁0 =
2𝜋

√
3

3
𝐵3

[︀
(1 +𝐵−1)2 − 0.77

]︀
, (1)

where 𝐵 = 𝑅0/𝑅. Unlike the expression in work [22],
the brackets in Eq. (1) contain an extra term to pro-
vide the asymptotics 𝑁0 → 12 at 𝑅0 → 𝑅. Never-
theless, Eq. (1) overestimates the value of 𝑁0, because
it does not make allowance for the random character
of the spherical surface coating. Therefore, we should
estimate that part of the spherical surface that can
be coated, 𝜃𝑚. This problem can be calculated in the
framework of the RSA model, which was expounded
in many works.

In particular, in work [21], it was shown that the
deposition of spherical particles onto a spherical sur-
face terminates, when the so-called jamming limit is
achieved. This occurs at 𝜃𝑚 = 𝜃0(1 + 𝐵)2, where 𝐵
falls within an interval of 0–0.7, and 𝜃0 ≈ 0.547 is the
jamming limit for a planar surface. From whence, it
follows that the surface area of SiO2 spheres that is
available for the covering with CdS QDs amounts to
𝑆𝑚 = 4𝜋𝑅2𝜃𝑚. Then the maximum number of QDs
that can be arranged in this area equals

𝑁𝑚 = 𝑆𝑚/𝜋𝑅2
0 = 4𝜃0𝐵

−2(1 +𝐵)2,

and 𝜃 = 𝑁/𝑁𝑚. With regard for the percolation in
various lattice and lattice-free models, we found that
the magnitude of cover fraction, at which the proba-
bility of the exciton percolation in a QD array located
on a spherical surface amounts to about 1/2 (this is
the lower limit of the percolation threshold) equals
𝜃 ≈ 𝜃𝑚/2. Since 𝜃 ≈ 0.5 in our films, i.e. 𝜃 > 𝜃𝑚/2,
we may assert that, at this cover fraction, the exci-
tons are delocalized in the array of CdS QDs, and the
percolation threshold is exceeded.

In order to prove the aforesaid, let us consider an
array of 𝑁 quantum dots distributed over a spheri-
cal surface according to the Poisson law. We should
calculate the quantity ⟨𝜉⟩/2𝑅0, where ⟨𝜉⟩ is the av-
erage distance between the centers of nearest-neigh-
bor QDs. Let one of DQs be located at the sphere
pole. Then, the probability 𝑃 (𝜎) to find the nearest
QD in the polar angle interval (𝜎, 𝜎+ 𝑑𝜎) equals [23]

𝑃 (𝜎) =
(𝑁 − 1) sin(𝜎) [1 + cos(𝜎)]

𝑁

2𝑁−1 [1 + cos(𝜎)]
2 . (2)

From whence, the average angular distance amounts
to

⟨𝜎⟩ =
1∫︁

0

𝜎𝑃 (𝜎)𝑑𝜎. (3)

For large 𝑁 -values, ⟨𝜎⟩ ≈ (𝜋/𝑁)1/2 and ⟨𝜉⟩ = 𝑅⟨𝜎⟩ =
= 𝑅(𝜋/𝑁)1/2. If the number of QDs on sphere’s sur-
face equals 𝑁 = 𝜃𝑁𝑚, then, for 𝜃 ≈ 𝜃𝑚/2, we ob-
tain ⟨𝜉⟩/2𝑅0 ≈ 1. This means that, at 𝜃 > 𝜃𝑚/2,
the excitons are really delocalized on the surface of N
particles and exceed the percolation threshold.

In order to explain why the sedimentation times
for both SP and NP suspensions and the SP+ NP
binary mixture are different, we have to consider the
processes of particle clustering in those media. In the
suspension of N particles, there is a single type of the
interaction between them; and there are three inter-
action types in the binary mixture: SP–SP, NP–NP,
and SP–NP ones. The sedimentation time quickly de-
creases, if particle clusters, which were formed at par-
ticle collisions due to the Brownian diffusion, rather
than separate particles sink under the microgravity
action. The probability of the SP cluster formation is
low because of a high repulsion potential between the
S particles. As a result, the corresponding sedimen-
tation rate is also low.

On the other hand, the interaction between the N
particles themselves and between the S and N parti-
cles, as can be seen from short sedimentation times, is
substantial and depends on 𝜃. Qualitatively, this fact
can be explained as follows. Although the S and N
particles are spherical, but the contact between them
is not point-like, as one can see from Fig. 1. The dis-
tance between the centers of two contacting parti-
cles (NP–NP or SP–NP) equals 𝑟 = 2𝑅(1+𝐵). Since
𝐵 ≪ 1, the contact area between them looks like a
spherical segment (cap) with the area 𝑆lat = 2𝜋𝑅ℎ,
where ℎ = 2𝑅0 is the segment height (see the inset in
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Fig. 3). The area of the spherical segment is chosen
so that the distance between the QDs located on the
segments of neighbor N particles should be equal to
about 2𝑅0. Two N particles interact with each other
following the “cogwheel” mechanism and form a layer
of QDs.

It is not difficult to evaluate the number of QDs
on a spherical segment (≈8𝜃𝐵); from whence, one
can see that the interaction force between neighbor N
particles is proportional to 𝜃. The efficiencies of the
NP and SP+NP cluster formations are proportional
to the frequency and the effective coefficient 𝐴 of col-
lisions. In the framework of the polymer flocculation
model, the parameter 𝐴 equals 𝐴 = 𝜃(1− 𝜃) [24]. Let
us assume, although without a proper justification,
that this model is also valid in our case. Then, at
𝜃 ≈ 0.5 and, 𝐴 ≈ 0.25, the probability of the NP
cluster formation is maximum, and the time of the
NP sedimentation is minimum. A reduction of the
quantity 𝜃 down to about 0.15 diminishes both the
interaction force between the particles and the cluster
formation probability. As a result, the sedimentation
time increases. On the other hand, if the cover frac-
tion exceeds 𝜃𝑚 (a second monolayer of QDs), there
arises the steric repulsion between the N particles in
the suspension, and the sedimentation time becomes
longer as well.

The clustering in the SP+ NP mixture has its spe-
cific features. In this case, the probability of the SP
cluster formation is also low, whereas that of the NP
clustering is high. However, if an N particle plays the
role of a cluster “nucleus” and if the first cluster shell
is created by N particles (at most 12), the cluster
mass will grow quickly. But if the first shell is formed
by S particles, which repulse one another, the cluster
mass will grow slower, and the cluster itself will be
temperature-unstable, because the interaction force
between S and N particles is smaller. Therefore, due
to the interaction between the N and S particles in the
mixture, the S particles “capture” a certain number of
N particles and thus raise the percolation threshold,
which was marked in the well-known work [13].

3.2. Percolation transitions in binary films
and their manifestations in optical spectra

Now, let us consider the emergence of the second
exciton percolation threshold in the films fabricated
from SP+NP mixtures. The difference between our

specimens and the similar densely packed structures
of spherical particles consists in a high porosity of
the former (Fig. 2). This porosity is a result of the
interactions (van der Waals and electrostatic ones)
between particles and makes the percolation thresh-
old higher (𝑛2𝑐). However, only some fraction (𝑃𝑐) of
N particles form the percolation cluster, whereas the
others are located in finite-size clusters.

The authors of work [25] established the following
relation between the particle fraction 𝑃𝑐 and the co-
ordination number 𝑧, i.e. the number of contacts be-
tween the selected particle and its nearest neighbors
in the percolation cluster, in a vicinity of the perco-
lation threshold and above it:

𝑃𝑐 =

[︂
1−

√︁
[2− 0.5𝑧]

5

]︂0.4
. (4)

The simulation showed that a percolation cluster
arises at 𝑧 ≈ 2. At the same time, at 𝑧 = 4, all N
particles enter the percolation cluster (𝑃𝑐 = 1). As is
known, this “smearing” of the 𝑃𝑐-value at the thresh-
old point is resulted from the finite sizes of researched
structures.

As was already mentioned, the interaction between
particles in binary mixtures gives rise to a high poros-
ity of our films and to the formation of a chain-
like structure of NP clusters, as is seen in Figs. 1
and 2. Nowadays, there is no theory describing the
dependences of the porosity 𝑝 and the coordination
number 𝑧 on the particle radius 𝑅. However, the ma-
jority of experimental results known in the literature
can be well approximated by the following empirical
expressions [26, 27]:

𝑝(𝑅) = 𝑘0 + (1− 𝑘0) exp(−𝑎𝑅𝑏), (5)
𝑧(𝑅) = 1.126 exp [3.2(1− 𝑝(𝑅))] +

+0.86 exp [3.5(𝑝(𝑅)− 1)], (6)

where 𝑘0 ≈ 0.4 is the porosity of a free (or loose)
random packing of spherical particles, the quantity
𝑎 ≈ 0.36 depends on the density 𝜌 (𝜌 ≈ 2.54 g/cm3

for SiO2) and the Hamaker constant 𝐻 (𝐻 ≈ 8×
× 10−20 J for SiO2), and 𝑏 = 0.47. Therefore, in the
case 𝑅 = 0.15 𝜇m, we obtain 𝑝 ≈ 0.82, 𝑧 ≈ 2.1, and
𝑃𝑐 ≈ 0.43.

The dependences of 𝑧(𝑅) and 𝑃 (𝑅) on 𝑝(𝑅) are
shown in Fig. 5. One can see that, if the film poros-
ity diminishes, 𝑧 → 𝑧0 ≈ 6, a value that is char-
acteristic of the random dense packing of spherical
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Fig. 5. Calculated dependences of 𝑧(𝑅) and 𝑃 (𝑅) on 𝑝(𝑅).
The dependences 𝑧(𝑅), 𝑃 (𝑅), and 𝑝(𝑅) are shown in the inset

particles. The reduction of the porosity in a struc-
ture means not only an increase of the particle con-
centration in the film volume, but also a change of
the interaction between the particles with the growth
of their size (see the inset in Fig. 5). Knowing that
𝑃𝑐 ≈ 0.43, one can determine the number of N par-
ticles in the percolation cluster (𝑛2𝑐* = 𝑃𝑐𝑛2𝑐) and
their total number, which makes it possible to pre-
dict the point of the exciton phase transition in such
complicated disordered structure as a binary film of
spherical particles with adhesion.

However, it is rather difficult to register the mo-
ment of the phase transition of excitons in 2D or
3D arrays of semiconductor QDs, unlike, for example,
the binary mixtures of conducting and nonconducting
particles, in which the formation of a percolation clus-
ter is fixed by a drastic growth of the conductance of
the system. Therefore, the optical PL and absorption
spectra are reliable tools to reveal the percolation of
excitons in those structures.

Let us analyze the experimental proofs concern-
ing the presence of two percolation thresholds in
the examined films. The quasi-two-dimensional (2D)
threshold will be considered firstly. For this purpose,
let us compare the PL bands for the film formed by
N particles with 𝜃 ≈ 0.15 and film F1 with 𝜃 ≈ 0.5,
which are depicted in Fig. 3. The absorption spectra
of those films are identical and are shown by a sin-
gle curve 𝑎 in Fig. 4. From our previous researches
[18, 19], it is known that the delocalization of exci-
tons in a QD array is accompanied by the disappear-

ance of their spatial effect and a red shift of the PL
band. However, now, this is not the case. The max-
ima of both PL bands (the main maximum in the first
band and the short-wave one in the second band) are
created by the annihilation of excitons in QDs. They
almost coincide with each other, being shifted by
about 500 meV with respect to the forbidden gap in
bulk CdS (𝐸𝑔0 ≈ 2.44 eV) due to the quantum-size
effect.

In the framework of the infinitely deep potential
well model and using the effective-mass method [28],
let us evaluate the average radius of CdS QDs on the
surface of N particles: ⟨𝑅0⟩ ≈ 2.1 nm. This value
agrees well with the values obtained within the TEM
and dynamic light scattering methods. However, the
half-height widths of those bands are strongly differ-
ent. It is well known that, in a sparse array of QDs,
where the excitons are localized at separate QDs, the
shape of a PL band is governed by the dispersion of
QDs over their size, being strongly broadened. At the
exciton delocalization and the appearance of the ex-
citon percolation, the indicated dependence on the
dispersion disappears, and the PL band of excitons
becomes essentially narrower. By comparing two PL
bands in Fig. 3, one can see that the exciton sys-
tem in specimens with 𝜃 ≈ 0.5 was above the perco-
lation threshold. Nevertheless, the spatial effect sur-
vived. The latter is explained by the fact that the ex-
citons on the surface of N particles move in a “mono-
layer” about 2 ⟨𝑅0⟩ in thickness. Since the model of
surface percolation does not provide exact methods
for finding the point of percolation emergence on
closed surfaces (of which a sphere is a partial case),
the narrowing of the exciton radiative emission band-
width is the most reliable tool to detect the exciton
percolation in a QD array.

Now, let us consider the formation of a bulk (3D)
percolation threshold in films F1 to F5. Figure 4
demonstrates the absorption spectra (curves 𝑎 and 𝑏)
of films F1 and F5, as well as the PL bands for films
F1 to F5. The position of the PL band for films F1
with the minimum NP concentration was already dis-
cussed above. Here, we only note that its main peak
is a doublet with a distance of about 120 meV be-
tween its components. A similar splitting (by about
160 meV) of the PL band for CdS QDs grown up
in a glass matrix was observed in work [18, 19], in
which its origin was described. This band was mainly
created by monomers of N particles and by a small
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number of NP clusters containing 2, 3, 4,... particles,
in which the quantum-size effect for excitons disap-
pears. It is so because the wave function of excitons
in such clusters occupies their entire volume, result-
ing in the disappearance of the size effect. The energy
of excitons 𝐸 ≤ 𝐸𝑔0 in this case, and they form the
long-wave tail in the PL band (Fig. 4). A small peak
in this band at about 2.0 eV arises owing to stabilizer
molecules (PAA) and Si=O bonds on the SiO2 sur-
face. As the concentration of N particles grows (films
F2 and F3), the intensity of the main peak in the
PL band starts to diminish, despite that the number
of QDs increases. The intensity of the second peak
in the PL band at 𝐸 ≈ 𝐸𝑔0 also increases. This is
a result of a larger number of NP clusters in the
film. Finally, at the critical concentration of N par-
ticles 𝑛𝑐2 ≈ 0.6 (film F4), the PL band in the interval
of quantum excitonic states disappears, and only the
band at 𝐸 ≈ 𝐸𝑔0 testifying to the formation of a
percolation cluster is observed. A further growth of
the NP concentration (film F5) is accompanied by a
growth of the intensity of this band, which is a re-
sult of a larger number of particles in the percolation
cluster and the growth of its dimensions. This conclu-
sion is also confirmed by the absorption spectrum 𝑏,
whose maximum is shifted toward the red side (Fig. 4,
film F5).

4. Conclusions

Hence, we have established that a disordered system,
in particular, a binary film on the basis of spherical
particles, is characterized by two percolation thresh-
olds at corresponding critical concentrations. Those
percolations have different dimensionalities, and there
is no crossover between them, if the concentration
of either phase increases. The main condition for the
phase transition to take place is that the system must
be above both thresholds simultaneously. We assert
that the concept of two percolation thresholds, which
is now used in the literature, describes the two-level
percolation and corresponds to the reorganization in
the internal structure of the specimen owing to an
increase of the concentration of either of its phases;
but it is not a result of the change in the specimen
dimensionality.

For completeness, let us demonstrate that the in-
teraction between particles really increases the perco-
lation threshold [13]. For this purpose, let us consider
a similar disordered structure, but without any inter-

action between the particles: a mixture of conduct-
ing and nonconducting macroparticles with a ran-
dom dense packing characterized by the filling factor
𝑓 = 0.6 and the porosity 1−𝑓 = 0.4. It is well known
that the conductivity and the percolation cluster arise
in this structure at the threshold concentration of the
conducting phase 𝑝𝑐 = 0.29± 0.02, and the finite-size
clusters have a compact structure [29]. In our case,
the film porosity is high (1− 𝑓 = 0.82). Furthermore,
the clusters are chain-like (Figs. 1 and 2). Therefore,
their concentration in the percolation cluster has to
be lower than in the previous system, and the thresh-
old should be formed at 𝑛𝑐2 < 𝑝𝑐.

But this is not the case. The first cause consists in
that N particles interact not only with themselves,
but also with S particles, which results in the forma-
tion of mixed clusters. The S particles in the percola-
tion cluster are the so-called “red bonds” or blocking
nodes, which prohibit the expansion of the conduc-
tivity or, as in our case, the expansion of the exciton
wave function over the percolation cluster. In order
to pass around such nodes, a larger number of N par-
ticles in the system is required. Second, since the de-
position of QDs on a spherical surface is stochastic,
they can form a percolation cluster only on one hemi-
sphere of the N-particle surface [30]. Therefore, this
particle can also be a blocking node in the percolation
cluster, and the concentration of N particles in the
system must be higher. Those are the main factors re-
sulting in the “increase” of the percolation threshold
in our films. The corresponding stabilization of the
system will give possibility to avoid the interaction
between the particles of different types and will lower
the phase transition threshold. All that can find ap-
plications in biological and chemical systems, as well
as in nanophysical and electronic structures.
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ПЕРКОЛЯЦIЙНI ПОРОГИ
ТА ЛЮМIНЕСЦЕНЦIЯ ПЛIВОК НА ОСНОВI
БIНАРНИХ СУМIШЕЙ СФЕРИЧНИХ ЧАСТИНОК,
ПОКРИТИХ КВАНТОВИМИ ТОЧКАМИ

Р е з ю м е

У статтi проаналiзованi експериментальнi результати до-
слiдження плiвок на основi бiнарних сумiшей чистих субмi-
кронних сфер SiO2 (SP) та вкритих квантовими точками
CdS (NP) з рiзними величинами покриття та спiввiдноше-
ння концентрацiй SP :NP. Дослiдження часiв седиментацiї
водних суспензiй SP, NP та їх сумiшей, а також аналiз їх
спектрiв поглинання та фотолюмiнесценцiї дозволило ви-
явити два перколяцiйних порога екситонiв: квазiдвовимiр-
ний (2D) та об’ємний (3D). Перший виникає на поверхнi NP
частинок у масивi квантових точок CdS при критичнiй ве-
личинi покриття, коли хвильова функцiя екситонiв охоплює
всю поверхню NP частинок. Другий — у площинi плiвок
при пороговiй концентрацiї NP частинок у бiнарнiй сумi-
шi. Фазовий перехiд виникає тiльки за умови, коли система
одночасно знаходиться вище обох порогiв, що добре прояв-
ляється у вiдповiдних оптичних спектрах зразкiв.
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