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Abstract—The luminescence properties of systems that contain lead-sulfide nanoparticles deposited onto
substrates fabricated from porous silicon, oxidized porous silicon, and porous (tin-oxide)—(silicon-oxide)
layers are studied. It is shown that the structure and composition of the matrix induce a strong effect on the
luminescence spectra of colloidal quantum dots, defining their emission wavelength.
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At present, much attention is given to hybrid quan-
tum dot—porous matrix systems. Such composite
materials are used in medicine and offer promise for
the production of solar cells and photodetectors. The
advantages of quantum dots in porous matrices are
their size stability and high densities of emitting cen-
ters.

In this study, we explore hybrid systems produced
by the deposition of a solution of lead-sulfide colloidal
(PbS) quantum dots (QDs) [1—4] onto porous-sili-
con- (por-Si) [5—7] and silicon-dioxide substrates
[8—10]. We used three types of Si-based substrates:
single-crystal Si (type 1), por-Si (type 2), and por-Si
subjected to oxidation in air for 14 days (type 3).
Porous silicon was produced by anodic electrochemi-
cal etching in a one-chamber cell, in an electrolyte
based on an aqueous solution of hydrogen fluoride
with the addition of isopropyl alcohol. As substrates,
we used (111)-oriented »n-Si:P wafers with a resistivity
of 5 Q cm. Figure 1 shows a typical image of the resul-
tant por-Si surface. The pore diameter was varied in
the range 10—40 nm.

The luminescence spectra were studied using an
installation created on the basis of an SDL-1 high-res-
olution double-grating diffraction monochromator.
For the excitation-radiation source, we used a
Nd:YVO, solid-state laser with diode pumping and
frequency doubling (A = 532 nm) and a semiconductor
laser diode emitting at the wavelength A = 445 nm.

The PbS colloidal QDs (CQDs) to be studied were
synthesized by the pyrolysis of metal-organic com-
pounds (lead oleate and others) with organic systems
in contact with a source of sulfur. Figure 2 shows the
typical absorption and luminescence spectra of the
CQDs. A small shift of the emission peak with respect
to the first exciton peak in the absorption spectrum
(a small Stokes shift) is indicative of a low degree of
particle imperfection. We studied two types of samples
(PbS 935 and PbS 950) different in QD size (Fig. 3a),
as demonstrated by the difference between the peak
positions in the emission spectra. In this case, for par-
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Fig. 1. Image of the surface of por-Si (250000% magnifi-
cation).
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Fig. 2. Absorption (curve /) and luminescence (curve 2)
spectra of PbS CQDs (type 935).

ticles embedded in liquid media, the difference
between the peak positions in the emission spectra
exceeded 35 nm.

The deposition of PbS nanoparticles onto porous
Si-containing matrices influences the luminescence
spectrum in different ways. The deposition of QDs
onto por-Si substrates immediately after anodization
does not yield any substantial changes in the lumines-
cence spectrum of the QDs (Fig. 4a). If we use por-Si
substrates oxidized in air, we observe a shift of the
luminescence peak to shorter wavelengths.

The shift of the luminescence spectrum can be
explained in the manner described below. The initial
colloidal solution contains QDs of different sizes. The
pore sizes in the unoxidized substrate can be too large
to induce a significant influence on the dimensions of
nanoparticles entering the pores. In the case of the
oxidized por-Si substrate, the pore dimensions are
decreased because of oxide formation. As a result, only
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small nanoparticles enter the pores; i.e., particles are
selected by their size. In addition, during the deposi-
tion and distribution of nanoparticles over the sub-
strate surface, the nanoparticles experience capillary
or other forces. Therefore, coarser particles can break
down, which is accompanied by the selection of
smaller particles. This results in a shift of the lumines-
cence peak to shorter wavelengths. In this case, the
initial particle size barely influences the size of QDs
deposited onto the oxidized porous matrix. This infer-
ence follows from the fact that the emission spectra of
deposited particles of different types are almost iden-
tical (Fig. 3b).

The deposition of PbS CQDs onto a por-Si surface
modifies the photoluminescence (PL) spectra of the
substrate material itself. Figure 4b shows the PL spec-
trum of por-Si samples without nanoparticles and the
spectra of oxidized por-Si structures with PbSe CQDs
deposited onto the surface. The luminescence of por-
Si is associated with emission from Si nanorods and
nanowalls [6] and partially with emission involving
surface states. Upon the addition of QDs, the QDs fill
pores and become located at the surface of such rods
and walls, which modifies the wave functions of Si
nanostructures and the positions of energy levels, thus
inducing the splitting or broadening of levels. In this
case, the effective band gap decreases, and the lumi-
nescence peak shifts to longer wavelengths. This effect
is similar to the effect of the interaction of two coupled
quantum wells (QWSs). In this case, the levels split, and
the lower level appears to be lower than the position of
the level in a single QW. The position of levels depends
on the thickness of the barrier between the QWs. If the
barrier is very thin, the system transforms into a QW,
whose width is twice that of the initial QW, and the
levels of the new QW are lower. Estimation of the
width of such a QW and the position of levels shows
satisfactory agreement of the results with the experi-
mental results. The estimate was obtained starting
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Fig. 3. PL spectra of PbS CQDs (a) located in solutions and (b) deposited onto substrates.
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Fig. 4. Luminescence spectra of (a) PbS CQDs deposited onto porous substrates or located in solutions and (b) oxidized sub-

strates with and without deposited QDs.

from the energy position of the PL peak and the elec-
tron and hole effective masses and using the expres-
sion

7’h’ a’h’
2md®  2myd’

Here, /v is the energy corresponding to the lumines-
cence peak; E, is the band gap of “classical” silicon; m,
and m, are, correspondingly, the electron and hole
effective masses; and d is the QW width.

The estimated QW width is 1.2 nm. In the case of
samples with deposited QDs, the effective masses of
charge carriers in PbS are substituted into the above
expression. For such samples, the QW width is
3.190 nm.

Along with por-Si, the basic system SiO,—SnO,
was considered [8]. We used a four-layer 90%
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Fig. 5. AFM image of a single-layer tin-dioxide matrix.

Sn0,—10% SiO, matrix fabricated on a glassy quartz
substrate by the sol—gel technique. The layers were
deposited by centrifugation at a rate of 3000 rpm over
15 s. After the deposition of each layer, we conducted
annealing at a temperature 600°C for 5 min. The final
four-layer structure was annealed at the same tem-
perature for 30 min. Figure 5 shows the atomic-force
microscopy (AFM) image of a single-layer sample
produced under the same conditions. As in por-Si,
there are relatively large pores (about 200 nm in
dimensions) as well as small pores in the isthmuses
between large pores.

In addition, we fabricated a sample, in which only
the final structure was annealed, whereas individual
layers when deposited were dried in air. Such a struc-
ture is bound to present a nonporous tin-dioxide phase
similar to a glass. As in por-Si, in this case, we observe
relatively large pores, about 200 nm in dimensions,
and small pores in the isthmuses between large pores.
The results of studies of the luminescence spectra of
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Fig. 6. PL spectra of CQDs deposited from solution 950
onto tin-dioxide substrates (/) with and (2) without
annealing.

SEMICONDUCTORS  Vol. 49 No. 13 2015



LUMINESCENCE PROPERTIES

PbS CQDs deposited onto such structures show a shift
of the wavelength corresponding to the peak, as in the
case of por-Si (Fig. 6).

Thus, in the studies, it is found that interactions
between quantum-confined elements of the por-Si—PbS
QDs system bring about a shift of the PL spectrum of
por-Si to longer wavelengths.

Another result of the interactions is a change in the
PL properties of PbS QDs. It is established that the
lead-sulfide CQDs produced by chemical deposition
onto matrices fabricated from porous silicon and
metal—oxide sol—gel structures exhibit efficient lumi-
nescence in the infra-red (IR) spectral region; how-
ever, the emission peak is shifted to shorter wave-
lengths. The structure and composition of the matrix
induce a decisive effect on the luminescence spectra of
the CQDs, defining the emission wavelength.
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