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The adsorption mechanism of CdS and PbS semiconductor nanocrystals on the surface
of spherical silica particles has been investigated. The presence of quantum size effects in
the "core-shell” heteronanostructures with dielectric SiO, core and semiconductor shell
consisting of nanocrystals has been established. Influence of the core size and a degree of
its covering with CdS, PbS nanocrystals on optical properties of heteronanostructures has

been shown.

Wsyuen mexaHmsM azncopOIuy HOJYIPOBOSHMKOBBIX HaHOKpuctawnoB CdS m PbS ma
IIOBEPXHOCTU C(rePUUECKUX HAHOYACTHUL, JUOKCHAA KPEMHHUA. ¥ CTAHOBJIEHO HAaJWuue KBAHTO-
BEIX Pas3MepPHBEIX d(P(PEeKTOB B reTePOHAHOCTPYKTYPaxX THUIA = sAP0-060J0YKa” ¢ JUIJIEeKTpHUUe-
cxuM agpom SiO, U HAHOKPUCTAJNIMYECKOH MMOJYIPOBOTHUKOBOMH obosoukoii. IlokasaHno Biu-
sSHNe pasMepa Siipa U CTeleHHU ero 3amojHeHusa HaHokpuctagsiaamu CdS, PbS ma onruueckue

CBOIICTBA IeTEPOHAHOCTPYKTYP.

In last decades, the interest of re-
searchers is seen to be turned sharply to the
field of mnanodimensional structures. The
most perspective is investigation of optical
properties of semiconductor nanoparticles of
a size comparable to the Bohr exciton ra-
dius, where the quantum size effects appear
because of changes in the electron structure
of semiconductor crystal [1, 2]. These
changes result mainly in a band gap broad-
ening of the semiconductor ("blue” shift of
the fundamental absorption edge), quantiza-
tion and reduction of electronic state den-
sity at edges of the conduction and valence
bands [8]. Thus, it is possible to change the
energy spectrum of the system by varying the
semiconductor crystal size (quantum confine-
ment value) that promotes the optimization
of the known semiconductor devices and the
development of new ones.

Methods for preparation and investiga-
tion of semiconductor nanoparticles are
widely presented in literature, the most
studied are nanoparticle of cadmium, lead,
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zine chalcogenides [2, 4—7]. However, devel-
opment of ordered structurization methods
is necessary to provide materials on the
basis of semiconductor nanocrystals with
preservation of quantum size effects. Two
ways to nanostructured materials have been
defined in the last decade. The first is volu-
metric structurization of nanocrystals in
the matrix voids, e.g., in long polymeric
molecules; the second consists in formation
of nanoparticles on a nanoparticle surface
(SiO,, Al,O5, polymeric nanoparticles) [8-
11]. Nanomaterials of the surface type are
more chemically active than materials with
nanoimpurities in bulk, that is why they are
more perspective for making various lumi-
nous diodes, the sensor controls, new effec-
tive catalytic agents [12, 13].
Heteronanostructures with dielectric sil-
ica core and an external shell consisting of
metal particles (Au, Ag) [14] and semicon-
ductors particles (CdS, CdSe, ZnS) have
been obtained before [8-10]. However, the
question of an opportunity to manage the
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optical parameters of semiconducting het-
eronanostructures is still open. In this con-
nection, the purpose of our research was to
study the directional surface adsorption
process of semiconductor nanocrystals (CdS,
PbS) on silica particles of various diameter,
to investigate the manifestations of quan-
tum size effects of CdS, PbS nanocrystals
in optical absorption spectra and influence
of semiconductor shell composition and the
core size on light absorption by SiO,/CdS,
SiO5/PbS heteronanoparticles.

The nanocrystals were obtained by col-
loid synthesis in aqueous solutions in pres-
ence of poly(acrylic) acid as a stabilizer. As
precursors, cadmium and lead nitrates and
sodium sulfide were used. The monodis-
persed spherical shape silica nanoparticles
have been prepared by tetraethyl orthosili-
cate hydrolysis using the modified Stober
method [15]. The size of obtained silica
nanoparticles (40—-350 nm) was controlled
by varying the reaction time, ratio of re-
agents, and temperature. To prepare hetero-
nanostructures, the surface of silica
nanoparticles has been modified using bi-
functional organic compound, 3-amino-
propyl triethoxysilane, which forms cova-
lent chemical bond with silanol groups of
the core and provides connection of a semi-
conductor shell to the core due to the amino
group. Synthesis of core-shell hetero-
nanoparticles with dielectric silica core and
semiconductor shell was carried out varying
the core diameter (40 nm, 100 nm, 350 nm)
and the density of its covering with semi-
conductor nanoparticles. The colloid solu-
tion of synthesized nanocrystals with the
specified concentration was mixed with
aqueous suspension of SiO, particles. The
synthesis was carried out at low concentra-
tions of semiconductor solutions ([CdS]=
2:107% mol/1, [PbS] = 2:107° mol/l) to pre-
vent formation of conglomerates on the sil-
ica surface. The precipitate of obtained het-
eronanoparticles was separated and dis-
persed by ultrasound in a small amount of
water. To get a thicker coating, the proce-
dure was repeated. Such stage-by-stage shell
formation provides uniform distribution of
semiconductor nanocrystals on the silica
surface.

The photometer method was used to de-
termine the concentration of adsorbed PbS
nanocrystals on the silica surface. It was
calculated that at each stage of the shell
formation, an average of 5102 PbS
nanocrystals are absorbed on a core. Trans-
misson electron microscopy of synthesized
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nanostructures was performed using a
EM-125 microscope at the accelerating volt-
age 100 kV. The samples were prepared
using a standard procedure by placing a
drop of aqueous solution of nanoparticles
onto carbon film deposited on a copper grid.
Optical absorption spectra of the colloid so-
lutions of nanostructures were measured in
the wavelength range 200 to 900 nm using
Specord M-40 spectrophotometer in a quartz
cell of 1 em thickness. The phase composi-
tion of CdS and PbS nanoparticle samples
was examined by X-ray diffraction using
DRON-2.0 (Fe, radiation, A =1.93728 A,

the scanning field 206 = 20 to 110°). The
samples were prepared by precipitation of
nanocrystals from the concentrated colloid
solution using an OPN-3 centrifuge and
drying of obtained precipitate.

The colloid synthesis method is techno-
logically simple, does not demand special
equipment and allows to obtain CdS, PbS
nanocrystals of a specified size and narrow
size distribution (<15 %) and at the same
time to structurize them on silica particle
surface. An advantage of this method is
that semiconductor nanocrystals are an-
chored on a surface of spherical silica parti-
cles, while being available for “external”
actions, e.g., for interaction with light
quanta. The obtained solutions of
Si0,/CdS, SiO,/PbS heteronanoparticles
show stability against aggregation during
several weeks at the core sizes less than
100 nm. Obtaining of photon crystals as
close packing opal structures with adjust-
able properties is also possible at greater
core sizes by natural sedimentation.

The size and morphology of synthesized
nanostructures were examined by means of
transmission electron microscopy (Fig. 1). It
has been shown that CdS and PbS semicon-
ductor nanocrystals are of 2 and 3 nm size,
respectively, do not coagulate in solution,
and are uniformly dispersed on the silica
particle surface forming a monolayer of
CdS or PbS nanocrystals. The monolayer
thickness is defined by the nanocrystal size.
The synthesized silica nanoparticles are of
spherical shape and the preset size (40 nm,
100 nm, 350 nm) at a narrow size distribu-
tion (<10 %).

The phase composition of the obtained
semiconductor PbS and CdS nanoparticles
has been investigated by X-ray diffraction.
X-ray diffraction spectra of the semicon-
ductor nanocrystals CdS and PbS are pre-
sented in Fig. 2. The system of diffraction
peaks indicates the cubic structure of CdS
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a)

Fig. 1. Transmisson electron microscopy images of heteronanoparticles SiO,/PbS (a) and SiO,/CdS

(b). SiO, particle diameter 100 nm.

and EbS nanocEystals with the period
5.82 A and 5.95 A, respectively. The broad-
ening of diffraction peaks is due to the fi-
nite size of the nanocrystals and indicated
that the dimensions of the nanoparticles are
very small. The size of semiconductor
nanocrystals were estimated using the
Scherrer equation [16]. The size of CdS and
PbS nanocrystals (coherent dispersion field)
is 2.3 nm and 8.0 nm, respectively, which
is in good accordance with sizes determined
by transmission electron microscopy.

The light absorption by semiconductor
nanoctystals with non-degenerate energy
bands depends on two factors: width of a
band gap between allowed bands (the optical
band gap energy E_) and densities of the
defective levels in tﬁe optical band gap en-
ergy. The first factor defines the position of
the absorption edge in the long-wave area
relative to the expected absorption edge for
bulk material (blue-shifted absorption edge
when the band gap energy increases), while
the second, the shape of absorption edge and
intensity of absorption in the field of Av < E,
(where hv is the photon energy) [1, 3].

Optical absorption spectra semiconductor
nanocrystals in solutions are presented in
Fig. 3. The absorption edges are charac-
terized by sharply expressed absorption at
hv = E, with negligible absorption at hv < E,,
thus evidencing that light absorption by
CdS and PbS nanocrystals results from the
allowed direct band-to-band electron transi-
tions.

Absorption of a light quantum by semi-
conductor nanocrystals with the energy ex-
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Fig. 2. X-ray diffraction of CdS (a) and PbS
(b) nanocrystals.

ceeding E, results in formation of an elec-
tron-hole pair connected together due to
Coulomb interaction. The Coulomb interac-
tion between opposite charges restricts their
free motion, thus, they move as a single
whole and can be considered as a quasi-par-
ticle. Excitonic states in the bulk semicon-
ductors can be easily destroyed by a thermal
motion of the lattice because of small bind-
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Fig. 3. Optical absorption spectra for water so-
lutions of CdS (I) and PbS (2) nanocrystals.

ing energies and large exciton radius. In
low-dimensional systems, excitonic states
are stable in a much wider temperature
range; that results in a series of exciton
peaks at the fundamental absorption edge
[3]. For CdS nanocrystals, two stable exci-
ton maxima are observed near 220 and
340 nm. The position and intensity of peaks
is maintained in absorption spectra of
Si0,/CdS heteronanostructures, that con-
firms conservation of quantum size effects
for CdS nanocrystals adsorbed on silica sur-
faces. Exciton maxima for PbS nanocrystals
are observed near 210 and 250 nm. Exciton
maximum near 210 nm is maintained for
Si05/PbS heteronanostructures (Fig. 4).

As the coating density of a core with
semiconductor increases, the peak position
is kept. Increase of the maximum intensity
appears at concentration of semiconductor
nanocrystals 1.5-103 per one silica particle
(Fig. 4, curve 2). The further increase of
semiconductor nanoparticle concentration in
the solution and on the silica surface (10%
particles and more) results in deterioration
of all exciton states due to a shielding of
Coulomb interactions as it occurs in bulk
semiconductor samples (Fig. 4, curve 4).
Exciton maxima in this case are also
merged with the common spectrum edge.

The optical band gap energies and diame-
ters of CdS and PbS particles in solution
and on silica surfaces have been calculated
(Table). Calculations have shown a signifi-
cant increase of optical band gap energies
for CdS and PbS semiconductor nanocrys-
tals as compared to the bulk samples (AE
makes 4.5 eV and 1.9 eV for PbS and CdS,
respectively) that is manifested in absorp-
tion spectra for semiconductor nanoparti-
cles as a blue shift of long-wavelength fun-
damental absorption edge. The size of
nanocrystals has been calculated under ef-
fective mass approximation which is based
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Fig. 4. Optical absorption spectra of aqueous
solutions of SiO,/PbS heteronanoparticles.
Number of PbS particles per one SiO, parti-
cle: 5:102 (1); 1.5-108 (2); 2:103 (3); 1-10* (4).
SiO, particle diameter 100 nm.

on the assumption of the effective mass in-
variance for electron and hole when passing
from bulk to nanodimentional systems [16].

Heteronanoparticles of the core diameter
of 40 nm, 100 nm, 350 nm and identical
core coating density with semiconductor
nanocrystals have been synthesized to ana-
lyze the core size influence on light absorp-
tion by SiO,/PbS and SiO,/CdS hetero-
nanostructures. It has been established that
the adsorption process of nanocrystals on
the silica surface runs in the same manner
for all the core diameters and is quantita-
tively defined only by the surface area of
silica particles. Absorption spectra of ob-
tained SiO,/PbS colloid solutions with various
diameter of a core are presented in Fig. 5. The
position of exciton maxima is kept at all
core diameters, and their intensity depends
only on the semiconductor shell density.

It is established in experiment that the
shell consisting of PbS or CdS monolayer is
formed in our synthesis conditions,
nanocrystals do not form conglomerates on
the core surface what is testified by keeping
of the nanocrystal size at adsorption on the
silica surface. It is possible to approve that
the core in heteronanostructures acts as a

Table . Optical band gap energy and diame-
ters of PbS and CdS nanocrystals in the
solution and on the surface of silica parti-

cles
Eg, eV R, nm
PbS 4.90 3.0
SiO0,/PbS 4.85 3.1
CdS 4.28 2.2
Si0,/CdS 4.25 2.4
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Fig. 5. Optical absorption spectra of aqueous
solutions of SiO,/PbS heteronanoparticles
with of the core diameter (nm): 350 (1); 100 (2);
40 (3).

support only and does not influence essen-
tially the optical characteristics of PbS and
CdS semiconductor nanocrystals.

To conclude, the adsorption mechanism
of CdS and PbS semiconductor nanocrystals
on the surface of spherical silica particles
has been studied. The method of stage-by-
stage shell formation has been developed
that provides a uniform distribution of
semiconductor nanocrystals on the silica
core surface. It has been calculated that at
each stage of the core coating with semicon-
ductor shell, average 5-102 semiconductor
nanocrystals are absorbed per one silica par-
ticle. The presence of quantum size effects
in “"core-shell” heteronanostructures with
the dielectric core SiO, and semiconductor
shell has been established. It has been
shown that it is obviously possible to adjust
optical properties of heteronanostructures
(intensity of exciton maximum) by changing
the dielectric core coating density by CdS or
PbS semiconductor nanocrystals, the core

size doing not influence the position and
intensity of exciton maximum.

Authors are thanks to S.V.Dukarov for
the help in testing of experimental samples
by transmission electron microscopy.
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OnTuuni Baacrtusocti Hanokpucraais CdS ra PbS,
amcop0OBaHNX HAa HAHOYACTHMHKAX MiOKCHUAY KPEeMHil0

IO.B.€pmonaesa, H.A.Mameéeescvra,
B.I1.Cemunoncenxo, O.B. Tormauwos

BuBueno mexanism ajgcopOuii mamiBnpoBigHukoBux HaHokpucranais CdS ta PbS ma mo-
BepxXHi cPepUUHMX HAHOUACTHUHOK TiOKCHUAY KpeMHio. BcTaHOBIeHO HASBHICTH KBAHTOBUX
po3MipHUX e(eKTiB y TIeTePOHAHOCTPYKTYPaxX TUNY  AAPO-000JOHKA 3 [AieleKTPUUHUM
agpom SiO, Ta HAHOKPHCTANIUHOI HAMIBIPOBIJHHKOBOIO 060J0HKOI. IIOKA3aHO BILIUB
posmipy sazpa @ cTymeHs Horo sanoBHeHHa HaHoKpuctaizamum CdAS ta PbS ma onTmuni

BJIACTUBOCTI I'eTePOHAHOCTPYKTYP.
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