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We report the results of studies of two-phase core-shell (SiO2/ZnO)
structures with a large density of ZnO nanoclusters on the surface
of spherical SiO2 nanoparticles. It is proved that, due to the large
surface energy of the latter, nanoclusters grow in the form of quan-
tum disks with diameter exceeding 10 nm and with height of the
order of the Bohr radius of an exciton in ZnO. The height was es-
timated in the effective mass approximation and agrees well with
experimental data. It is first shown that the photoluminescence
spectra of these structures can be caused by the phase percola-
tion transition of excitons on the spherical surface of nanoparti-
cles which is realized due to a large density of ZnO nanoclusters.
This results in the interaction of the latter, but the space effect
of excitons does not vanish in this case, unlike the 3D one. The
exciton wave function acquires macroscopic dimensions resulting
in the appearance of an intense band from deep levels related to
vacancies and complexes of oxygen and zinc.

1. Introduction

Low-dimensional multilayer spherical core structures
(substrates) with the surface coated by semiconductor
nanoclusters (NC) that provide a functional response are
now actively investigated. Such heteroparticles possess
a wonderful set of morphological parameters for the re-
alization of their close-packed arrangement, allow one to
specify the functional properties by choosing a shell ma-
terial, and represent ideal structure-forming elements of
new types of consolidated nanomaterials. Synthesized
cores (hereinafter, nanoparticles (NPs)) such as SiOq,
carbon, polystyrene, and TiOs, have a diameter of the
order of 100-500 nm. Due to the chemical reaction run-
ning at the deposition of the corresponding constituents
of a semiconductor onto the surface of NPs, an array of
NCs is formed [3-6]. As the energy gap of an NP ma-
terial is larger than that of an NC, this creates a poten-
tial barrier for charge carriers (excitons) impeding their
penetration to cores and gives rise to the spatial effect of
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carriers in an NC. As for the II-VI semiconductors, the
possibility to immobilize ZnO NCs onto spherical sub-
micron templates such as SiOs, polystyrene, bacteria,
and micelles in order to obtain “core—shell” heteropar-
ticles representing promising structural units of consoli-
dated optical materials is most actively studied [7]. The
growth of NCs on spherical substrates 40-500 nm in size
has considerable advantages as compared with ordinary
macrosubstrates, because nanoparticles on the surface
of a nano- or submicrosphere must be absorbed much
more actively due to the large surface energy and the
curvature of a surface. In addition, a high mobility of
such nanotemplates will allow one to expand the range
of application of heterostructures produced on their ba-
sis. The highest interest is attracted by ordered 2D or
3D arrays of such objects with a periodic modulation of
the refractive index on scales commensurable with the
light wavelength in the visible or infrared ranges that
can form photon crystals [8].

This work reports the results of studies of the semicon-
ductor structures that represent SiOy NPs (cores) with
Zn0O NCs synthesized on their surface that were obtained
by drying a deposit on quartz substrate films. In spite
of the active researches of these structures [4, 6], there
remain a lot of unclear questions. For example, it was
experimentally shown that, in the case where the radii
of ZnO NCs in these structures (or similar CdS NCs [3])
significantly exceed the Bohr radius of an exciton in crys-
talline ZnO, their optical spectra indicate the presence
of a dimensional effect for excitons which conserves due
to unclear reasons. Another problem that has not been
studied till now is the formation of a percolation transi-
tion of excitons on a spherical surface. It is well known
that, at the critical density of NCs in dielectric or poly-
meric 3D matrices, NCs start to interact with one an-
other. Moreover, a percolation level of excitons, at which
the quantum effect disappears due to a macroscopic in-
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Fig. 1. Diagram of formation of ZnO NCs on a spherical SiO2 nanotemplate

crease of the size of their wave function, is formed [9].
In this work, we first study this problem by the example
of SiO2/Zn0O heteroparticles. It will be demonstrated
that the formation of the percolation transition does not
result in the vanishing of the quantum effect of charge
carriers, which can be of applied importance.

2. Experimental Part

2.1. Fabrication technique of Si0O2Zn0O
structures

Spherical silica (SiO2) NPs with the diameter D =
2R = 200 nm and with size dispersion < 7% were syn-
thesized by the basic hydrolysis of tetraethyl orthosili-
cate in the medium of absolute ethanol employing the
Stober technique [7] optimized by us. The diameter of
obtained SiO spheres was regulated by the ratio of the
reagents, temperature, and process rate. ZnO nanoclus-
ter coatings on silica spheres (SiO5/Zn0O heteroparticles)
were obtained by the template synthesis in the exchange
reaction between zinc acetate (ZnAcex2H0, reagent
grade) and NaOH (reagent grade) in the propan-2-ol
medium at a temperature of 65 °C in the presence of
silica spheres. For characterization, we used films ob-
tained by the drying of presynthesized heteroparticles
on quartz substrates. The obtained samples were ther-
mally heated during 2 h at various temperatures (150,
300, and 450 °C). Electron-microscope researches of het-
eroparticles were carried out using a PEM-125 trans-
mission electron microscope with an accelerating volt-
age of 100 kV. The surface composition of the sam-
ples was studied by means of X-ray photoelectron mi-
croscopy using an XSAM-800 Kratos spectrometer with
a resolution of 1 eV and the accuracy of determina-
tion of the binding energy equal to 0.2 eV. Photoelec-
trons were excited by MgK,-radiation (hy = 1253.6 €V).
The consideration of the recharging effect and the cali-
bration of spectra were performed with the use of the
position of the Cls-shell line (E,=285 €V) from hy-
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drocarbon compounds absorbed by the sample surface.
The composition of the sample surface was determined
from the ratio of the areas of lines of the Cls, Ols,
Zn3p, and Si2p core shells with regard for the sensi-
tivity coefficients. The thickness of the analyzed layer
was ~5 nm. The chemical state of zinc atoms was re-
vealed by analyzing the shape and the position of the
ZnLMM Auger line which are sensitive to changes in
the closest surroundings of zinc atoms. The technique
used to obtain Si03/ZnO heteroparticles with the “core—
shell” structure is based upon the template synthesis of
Zn0O NCs on the surface of a spherical nanosubstrate
(nanotemplate) in an alcohol solution in water. It in-
cludes the following stages: 1) diffusion of precursor
ions (Zn?*, OH™) to the template surface and their ad-
sorption on the surface; 2) chemical transformations on
the template surface; 3) formation of crystallization cen-
ters (critical nuclei), and 4) growth of the critical nu-
clei. The general scheme of the formation of a ZnO NC
array on the surface of a SiOs sphere is presented in
Fig. 1.

In order to form a uniform ZnO NC coating with low
size dispersion, it is necessary to ensure a controlled
ratio of the rates of generation and growth of crys-
tal nuclei that, in our case, is regulated by the con-
centration and the type of used precursor compounds.
We have found and optimized the solution parameters
(c[Zn®*] = 3x10~* mole/1, ¢(NaOH) = 0.01 mole/1, and
T = 65 °C) that support the formation of a large num-
ber of nuclei on the SiO5 spherical surface and the sup-
pression of their growth, which results in the uniform
distribution of ZnO NCs over the template surface. As
a result, it was established that, at such a low concen-
tration of Zn?* ions, the considered process provides a
selective growth of nanoclusters at crystallization nuclei
and almost completely suppresses the generation and the
growth of new nuclei in the solution. The transmission
electron microscopy images of SiO5/Zn0O heteroparticles
obtained under the optimal conditions are presented in
Fig. 2,a,b.
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Fig. 2. Electron-microscopic images of SiO2/ZnO heteroparticles (a), single SiO2/ZnO heteroparticle (b), and microdiffraction from the

periphery region of a heteroparticle (c)
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Fig. 3. Normalized ZnLMM Auger spectra and spectra of the Ols-
shell from the surface of ZnO samples (reference) and SiO2/ZnO
heteroparticles (annealing at 450 °C)

The microimages testify to the formation of a uni-
form coating consisting of ZnO nanoparticles with the
island structure. The electron microdiffraction picture
obtained from the periphery of a particle (Fig. 2,¢)
gives evidences of the crystalline ZnO coating with a
hexagonal crystal lattice on silica spheres, which was
also confirmed by X-ray structural analysis [7]. Accord-
ing to the electron microscopy data, the size of ZnO
NCs amounts to ~10 nm. The surface composition
of SiO3/Zn0O heteroparticles and the filling density of
the nanotemplate surface by ZnO particles were deter-
mined using the technique of X-ray photoelectron spec-
troscopy. The normalized spectra of the Ols-shell and
the ZnLMM Auger spectra for synthesized heteropar-
ticles and the reference ZnO sample are presented in
Fig. 3.

The position and the shape of the ZnLMM Auger-
line of the SiO9/ZnO sample practically coincide with
those for the reference ZnO sample with an inessential
broadening related to recharging effects. In the spectrum
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of the Ols-shell of the SiO5/Zn0O sample, one can mark
out two lines: the first one with a lower binding energy
(Ep1 = 531.4 €V) corresponds to ZnO, and the second
one (Epy = 533.4 eV) is related to SiOs. The ratio of the
atomic concentrations n = ¢z, /cgi= 1.4 in the surface
layer of heteroparticles (~5 nm) determined from the
ratio of the intensities of the corresponding lines enabled
us to estimate the continuity of the shell (or a degree of
the filling of the SiO2 spherical surface with ZnO NCs):
Q ~0.45 [7].

2.2. Optical spectra of the studied structures

Figure 4 shows the optical absorption and photolumines-
cence (PL) spectra of the studied SiO3/ZnO structures.
The spectra were recorded with the help of a spectrom-
eter with a resolution not worse than 5A /mm. The PL
spectra were excited by a He—Cd laser with A = 325 nm
(3.84 eV).

In order to prevent the processes of photodarkening
of the samples, the laser power was regulated with the
help of neutral filters. All the obtained spectra are re-
producible and were registered according to the common
photon-counting technique. The absorption spectrum
(curve 1) of these structures contains a peak close to
E; ~3.5 eV that is absent in the samples without ZnO
NCs. Taking into account that the energy gap width
at T = 77 K, the radius, and the binding energy of
an exciton in bulky ZnO are equal to Fy ~ 3.37 eV
(marked by the arrow in the figure), a, ~ 2 nm, and
€z ~ 60 meV, respectively, one can assume that the
peak in the absorption spectrum shifted to the short-
wavelength side with respect to g is related to excitons
in the medium energy quantization mode. The absorp-
tion observed in the region £ > FE; is caused by the
absorption in SiO,. Figure 4 also presents the PL spec-
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tra registered at T'= 77 K (curve 2) and 300 K (curve
3) and excited by the He—Cd laser (Fcx is shown by the
arrow). In the PL spectrum of the studied samples, we
observed two bands with maxima at ~3.5 eV, which co-
incides with F; of the absorption spectrum, and ~2.5
eV. The correlation in the positions of the first band
of the PL spectrum and the absorption peak testifies
to the fact that it is caused by the recombination of
excitons in ZnO NCs, while its blue shift with respect
to Ego amounts to ~130 meV. The NC size dispersion
equal to 17% according to our estimates results in the
broadening of this band, due to which its short-wave
wing overlaps with the laser excitation line. The PL
band in the region of ~2.5 eV actually consists of two
bands, which is seen from the PL spectrum obtained at
room temperature (curve 3). The increase of the tem-
perature results in the appearance of another band in
the region ~(2.1-1.9) €V, rather than in the shift of
the band maximum. The origin of these two bands,
“green” and ‘“red” ones, is well known. They are re-
lated to oxygen (Vo) and zinc (Vzy,) vacancies and their
complexes [10-12]. In our case, the radiation inten-
sity in this spectral region allows one to make conclu-
sion about the degree of localization of the exciton wave
function in NCs. Of interest is also the absence of ra-
diation in the spectral region 3.2-3.3 eV that is almost
always observed in spectra of bulky samples and ZnO
NCs of the spherical form and is caused by the recom-
bination of excitons in the surface states of nanoclus-
ters, as the “surface/volume” ratio in NCs considerably
grows with decrease in the radius [10]. According to
the transmission electron microscope (TEM) data, the
diameters of the studied NCs exceed 10 nm. There-
fore, in this case, this ratio is not determinative, and
the main role is played by the internal rather than sur-
face exciton states. The long-term thermal treatment
of glass or polymer matrices with NCs results in an in-
crease of their radii due to the Ostwald ripening and a
decrease of their density in the matrix, which is seen
from the red shift of the absorption and PL spectra.
The inset in Fig. 4 shows the PL spectra of our sam-
ples treated at T" = 150, 300, and 400 °C. In our case,
Zn0O nanoclusters are located on the SiOs sphere, so
the thermal treatment does not result in an increase of
their radii (surface diffusion is absent). That is why
the spectral position of the absorption spectrum, the
PL band (~3.5 €V), and its intensity remain invari-
able (not shown in the inset). However, the intensity
of the PL band related to deep levels significantly de-
creases, which is qualitatively explained in the following
section.
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Fig. 4. Absorption (1) and photoluminescence (2 — 77 K, & —
300 K) spectra of the studied SiO2/ZnO samples. Inset: the in-
tensity of the band from deep states as a function of the annealing
temperature; the diagram of the SiO2/ZnO structure: a sphere
with a random surface distribution of ZnO nanoclusters (see text)

3. Discussion of the Results

Based upon the obtained data, we shall find out the rea-
son why the quantum effect is conserved at the sizes
of ZnO NCs considerably exceeding those of excitons
in bulky ZnO, which follows from a shift of the short-
wavelength PL with respect to E,y (Fig. 4). It is ob-
vious that, due to the specific character of growth of
NCs at the spherical surface and the surface energy of
SiO5 nanoparticles, ZnO NCs grow in the form of quan-
tum disks (QD), rather than spheres, whose radius [(¢),
see the diagram)] is several-fold larger than a,, but their
height (h) is commensurable with the latter, which re-
sults in the conservation of the quantum effect of exci-
tons in spite of the considerable dimensions of NCs. In
other words, the surface energy of a SiOs sphere induces
the “expansion” of ZnO NCs over the surface, by form-
ing QDs. As is known, the surface energy of a sphere
depends on its radius, that is why the heights of gen-
erated ZnO NCs will also depend on it. As far as we
know, this problem has not been considered till now.
Let us estimate the value of h based upon the obtained
experimental results. For this purpose, it is necessary to
find the solution of the Schrédinger equation with the
effective Hamiltonian

h? B, €2

- *
2mj,

‘/e(re) + Vh(rh)7
(1)
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where m} = 0.24mgy and mj, = 1.8 —2.2my are the effec-
tive electron and hole masses, respectively, while the last
two terms stand for the depths of their potential wells
formed due to discontinuities of the conduction and va-
lence bands, respectively. The exciton wave function can
be chosen in the form Wy = fo(pe)ge(ze) fr(on)gn(zn),
where p and z are the coordinates of carriers in the direc-
tions of the nanocluster radius and height, respectively:
Fi(p) = Jo(xp/6), 9i(z) = cos(mz/h), (i = e, h), Jo(a) is
the zero-order Bessel function, and x = 2.4048 is its first
root. The magnitudes of discontinuities of the conduc-
tion and valence bands at the interface of the ZnO NC
and the matrix are unknown, so we consider that the
potential wells for carriers are infinitely deep. Hence,
the position of the first peak in the absorption spectrum
can be determined from the solution of the Schrédinger
equation in the following way [13]:

B =Ent [t o] [(3)+(5)] o

Taking into account that Egg ~ 3.37 eV (at T = 77 K)
and the NC radius 6 ~ 5 nm, we obtain A ~ 3.4 nm,
which is less than the exciton diameter in crystalline ZnO
and indicates that the space effect of excitons in such

structures does not vanish even at a significant increase
of the QD radius.

The presence of a “bulky” deep-state band in the PL
spectrum can be caused by the formation of the exciton
percolation level due to the considerable surface concen-
tration of ZnO NCs. Their generation and distribution
over the SiO spherical surface represent a random pro-
cess, so the position of each NC on the surface does
not depend on the other ones. Such two-phase systems
with the Poisson 3D distribution of one phase (for ex-
ample, semiconductor NCs in matrices and composite
and porous materials) have been recently actively inves-
tigated both theoretically and experimentally [9]. An
increase of the density (p) of NCs and a decrease of the
average distance between them in such systems result in
the formation of finite-size clusters of NCs similar to the
closest sites of the crystal lattice. At the critical density
pe, there appears the percolation (infinite) cluster as a
result of the interaction between NCs and the delocal-
ization of excitons, whose wave function acquires macro-
scopic sizes. Unlike the geometric percolation, where
finite-size clusters are formed due to the direct contact
of NC surfaces, they interact, in this case, with one an-
other through the tunneling of carriers (excitons), which
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occurs due to the overlapping of their wave functions at
separate NCs [9].

It is well known that the exciton percolation level is
formed between the nearest neighboring NCs. That is
why, it is most important to determine the average dis-
tance between them (§) at fixed p [14, 15]. The prob-
lem to determine & for a system of noninteracting points
with the Poisson distribution and the density p was first
solved by Hertz more than 100 years ago [14]. For the
case of real NCs with a solid core, this problem was
considered in [16]. Based upon the calculation results
obtained there, we substantiated the appearance of a
phase percolation transition of excitons in samples of
borosilicate matrices with ZnSe and CdS NCs at p = p,
[9]. At varying a space topology (transition from a vol-
ume surface to a spherical one), the determination of £
becomes more complicated, as unlike 3D, there are no
calculations of ¢ for this case, which will evidently rep-
resent a geodesic line. The latter can be determined
through the angle (6) between two radii R drawn from
the center of the SiOy sphere to the NC (see inset in
Fig. 4). In [17], it was shown that the average an-
gle (0) can be found using the Poisson distribution of
this quantity: P;(0)d0=2mrpf exp(—mpf?)do for a plane
or Py(0)df = (N/2)0 exp[—(N/4)0?]df for a sphere:

™

7 1
) = O/apl(e)de =57 =\n 3)

The quantity £ is determined as & ~ 0.02R(#). This
relation is used in Eq. (3) with regard for the NC den-
sities for a plane and a sphere: 4mp = N. Knowing
the area of the SiO, surface, the degree of its coating
(Q ~ 0.45), and the average NC area (m§?), we obtain:
N ~ 7 x 102, and therefore £ ~ 7.7 nm, i.e. the average
distance between the neighboring NCs on the spherical
surface is of the order of magnitude of their diameter,
that is why they form conglomerates. However, it is only
an estimate, because a more accurate analysis requires
to take the real dimensions of disks into account, which,
as far as we know, has not been done till now. In turn,
this indicates that the exciton wave functions on a SiOq
spherical surface are overlapped. The system’s state ap-
pears much higher than the percolation level due to a
large NC density, and the percolation cluster is, to a
large extent, continuous rather than filamentary, as it
is in 3D structures [9]. The delocalization of excitons
on the SiO5 spherical surface results in the formation of
the bulk “green” and ‘“red” PL bands almost never ob-
served in single low-size ZnO NCs [10]. In addition to
the radiation from the quantum states with £ > E,,
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one observes bands in the region 3.4-3.2 eV in such NCs
related to surface NC states and donor-acceptor pairs
absent in our case. With increase in NC sizes, the radia-
tion from these states becomes ineffective. Instead, one
observes the growth of the double PL band from the re-
gion 2.1-1.9 eV that is characteristic of bulky ZnO and is
caused by the recombination of carriers at oxygen (Vo)
and zinc (Vz,) vacancies and their complexes [10]. Its
intensity significantly increases in the case where the ex-
citon wave function is delocalized and starts expanding
not only over the surface of SiO5 spheres, but also covers
a considerable part of the latter that get to the laser ex-
citation spot. The thermal treatment of the samples at
various temperatures results in a considerable improve-
ment of the NC stoichiometry reducing the number of
defects, and the intensity of this band falls (see the inset
in Fig. 4). However, the thermal treatment does not in-
fluence the PL band from quantum states, as its spectral
position depends only on the NC height determined by
the size of SiO4 spheres, i.e. by their surface energy.

In conclusion, we note that the work qualitatively de-
scribes the process of generation of ZnO NCs in the form
of quantum disks on the surface of SiOy spheres, where
the quantization of the exciton energy is conserved along
the height of the disks not vanishing even at large NC
radii. From the obtained results, it also follows that the
formation of a photon crystal can be of threshold charac-
ter, because the formation of bulky periodic ZnO layers
requires the appearance of a percolation transition of ex-
citons in the array of ZnO NCs on the surface of SiO9
spheres. The conservation of the quantum effect of exci-
tons under the simultaneous formation of their percola-
tion transition can be effectively used for the transport
of carriers in films in the lateral direction.
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Translated from Ukrainian by H.G. Kalyuzhna

EKCUTOHHI TA ITEPKOJISIIIHI

IMTPOLIECU ¥ IBOPASHUX CTPYKTYPAX
SiO2/ZnO TUITY AJPO-OBOJIOHKA 3 BEJIMKOIO
IIIJIBHICTIO ITIOBEPXHEBUX HAHOKJIACTEPIB

M.B. Bowdap, M.C. Bpodun, IO0.B. Epmonacsa,
M.B. /lobpomseopcvka, O.B. Toamawos

Pezowme

YV paboTi HaBeIEHO Pe3yIbTaTH JOCTIZKEHD JTBOMA3HUX CTPYKTYP
tuny siapo—obononka (SiO2/Zn0) 3 BeJUKOIO WiNBbHICTIO HAHOKIIa-
crepiB ZnO Ha noBepxHi cdhepuunnx HanodacTok SiOz. O6rpyHTO-
BAHO IPHUILYIIEHHs, [0 B Pe3yJIbTaTi 3HAYHOI IIOBEPXHEBOI eHepril
OCTaHHIX HAHOKJIACTEPU POCTYTh Yy BUIVISI KBAHTOBHUX JWCKIB 3
niamerpom >10 HM i BUCOTOO TIOPSIAKY GOPIBCHKOrO pajiyca eKCu-
tony B ZnQO, fKy OliHeHO B HAOIMKEHHI epeKTUBHOI Macu, 1 BoHA
J00pe y3roKy€eThCs 3 €KCIIEpUMEHTAJIbHUMHY TaHUMU. Brepiie mmo-
Ka3aHo, IO CIEeKTPH (POTOTIOMIHECIIEHIN] IUX CTPYKTYP MOXKYTb
OyTu 3yMoOBJIeHI (PA30BUM MEPKOJIANINHUM II€PEXOJIOM E€KCHTOHIB
Ha cdepuuHiil MOBEpXHI HAHOYACTUHOK, KU YTBOPHUBCS BHACJII-
IOK 3Ha4HOI 1IiJIbHOCTI HaHoKIacTepis ZnO. Ile npuBoauTs 10 B3a-
eMo/il ocTaHHIX, aje, Ha BigMiny Bix 3D, y nanomy BUIaJIKy IIpo-
cTopoBuil eeKT EKCUTOHIB He 3HUKAE. XBUIbOBa (DYHKI[isT EKCUTO-
HiB HaOyBa€ MaKpPOCKOIIIYHUX PO3MipPiB, IPUBOJAAYHN 1O BUHUKHEH-
HeI IHTEHCHBHOI CMYTH TVINOOKUX CTaHIB, TOB’SI3aHUX 3 BAKAHCIAMU
Ta KOMILJIEKCAMHU KHUCHIO 1 IIMHKY.
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