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Photoluminescence properties
of Si0, surface-passivated PbS
nanoparticles

M.S. Dhlamini™", J.J. Terblans®, R.E. Kroon’,

O.M. Ntwaeaborwa’, J.M. Ngaruiya’,
J.R. Botha® and H.C. Swart”

Si0,:PbS nanoparticle phosphors were successfully prepared by a
sol-gel process. The crystallized lead sulphide (PbS) nanoparticles
inside the amorphous silicon dioxide (silica, SiO,) matrix were
examined by X-ray diffraction and transmission electron micros-
copy (TEM) to estimate the particle size and distribution. The
particles were in the size range of 10-50 nm. The TEM diffraction
patterns showed the PbS particles to be cubic in structure. Two
strong broad photoluminescence emission bands were observed,
namely blue (450 nm) from the SiO, matrix and yellow-orange
(560 nm) from the PbS nanoparticles. In bulk PbS emission occurs
at ~3200 nm, and the blue shift to the much shorter wavelength
reported here is ascribed to quantum effects in the PbS nano-
particles. The emission spectra were strongly dependent on the
excitation wavelength.

Introduction

Nanotechnology, which is the creation and use of materials,
systems, and devices through control of matter on a nanometre-
length scale, is expected to become one of the main driving forces
in materials research in the present century.' The synthesis of
semiconductor nanoparticles embedded in different solid matri-
ces is currently an active research area in nanoscience.” It is well
known that the dispersion relations for the energy of electrons
and holes in a bulk semiconductor are parabolic as a first approx-
imation as illustrated in Fig. 1(a).** This approximation is true
only for levels that are occupied by electrons near the bottom of
the conduction (CB) and by holes near the top of the valence
(VB) band, respectively. It is important to remember that these
parabolas are really a quasi-continuous set of electron (hole) states
along a given direction in k-space and that the lowest occupied
levelin the CB and the highest occupied level in the VB are sepa-
rated by an energy gap, which for bulk materials is usually of
the order of an electron volt. When the dimensionality of the
semiconductor bulk material is reduced to a zero-dimensional
quantum dot, the quasi-continuous nature is de-emphasized, as
only discrete energy levels can exist in the dot.

Subsequently, each of the original parabolic bands of the bulk
case is fragmented into an ensemble of points for a nanoparticle
as demonstrated in Fig. 1(b). These atomic-like electron energy
levels are formed due to charge-carrier confinement (quantum
confinement) in three dimensions and result in an increase
(blue shift) of the effective band gap compared to that of the
corresponding bulk materials.”® Accordingly, the effective band
gaps of PbS nanoparticles are markedly blue-shifted from the
near-infrared (~3200 nm) into the visible and near-ultraviolet re-
gion with decreasing particle size.” The luminescence corre-
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sponding to exciton recombination in a single nanocrystal has
a finite width as a result of homogeneous line broadening.
Additionally, there will always be a statistical distribution of
particle sizes due to the sample preparation process, and the
dependence of the effective bandgap on the particle size will
produce a further broadening effect as illustrated in Fig. A in
supplementary material online.

Practical applications in photonics of these nanoparticles are
reportedly lacking because surface-related non-radiative recom-
bination dominates in the quantum confinement regime,"
exacerbated by the large surface to volume ratio of the particles."
However, the non-radiative contribution from the surface states
can be eliminated by passivating dangling bonds of the free-
standing nanoparticles. Achieving proper surface passivation is
therefore extremely important for nanoparticles, especially in
the strong quantum confinement regime.">" This can be achieved
in several ways, such as suspending them as colloidal particles
in a liquid, forming nanocrystals in a matrix such as glass or
polymers, or enclosing nanocrystals in cage zeolites.'”" The
photoluminescence emission from surface-passivated PbS
nanoparticles can range from a deep-red to a broad yellow-
white, depending on the preparation conditions.”'

In this study, PbS nanoparticles with a median size of 17 nm
embedded in an SiO, matrix were synthesized by a sol-gel
process. The structural and photoluminescence properties of the
nanoparticles are presented here.

Experimental

Silica gel” was prepared by mixing 10 g tetraethylorthosilicate
(TEOS) solution and 5 g ethanol with drops of 0.15 M nitric acid
(HNO,) as catalyst. The processis illustrated in Fig. B online. The
mixture was stirred for 1 hour. To the resulting transparent
solution, 0.03 g lead acetate trihydrate Pb(CH,COO),.3H,0
dissolved in 5 g ethanol and 0.01 g Na,S dissolved in 5 g ethanol,
respectively, were separately added to form SiO,:PbS gel. The
mixed solution was stirred for a further 30 minutes to complete
the reaction. The gel was then dried for 10 days, after which it
was ground and calcined/sintered at 200°C for 2 hours. All steps
other than calcination were carried out at room temperature.

The particle size and crystalline structure of the PbS
nanoparticles were determined by X-ray diffraction (XRD) and
TEM. Scanning electron microscopy (SEM) was used to determine
the morphology. A He-Cd laser (325 nm) and Ar* laser (458 nm)
were used to excite photoluminescence in the phosphor and the
spectra were collected using a 0.5-m SPEX 1870 spectrometer.

Results and discussion

The diameter of the PbS nanoparticles prepared in this way, as
calculated from the broadening of XRD spectra, was 16 + 2nm."”
An SEM image of the SiO,:PbS powder sample is shown in Fig. 2,
which reveals multi-facets of agglomerated composite particles
with nano-sized particles on the surface. Most of the particles
measured about a micrometre in diameter. A TEM image was
obtained from material [Fig. 3(a)] first suspended in ethanol and
then allowed to dry on a carbon-covered copper grid. The black
spots in the image are the crystalline PbS nanoparticles, envel-
oped in amorphous SiO,. Interplanar spacings calculated from
the TEM diffraction pattern in Fig. 3(b) correspond well with
those calculated for the standard PbS (galena) cubic crystalline
structure® (Table 1). Most of the particles were in the order of
17 nm in diameter, slightly smaller than the exciton Bohr diame-
ter of PbS,® but there were also smaller (10 nm) and bigger ag-
glomerations (up to 50 nm).

Figure 4 shows the photoluminescence (PL) emission spectrum
of a pure SiO, powder control sample (without PbS) excited at a
wavelength of 325 nm. The broad emission band at 450 nm has
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been ascribed to the defect luminescence origi-

nating from neutral oxygen vacancies.” Fig-

ure 5(a) presents the normalized PL spectra of CB
the SiO,:PbS powder sample excited at wave-

lengths of 325 nm and 458 nm. The spectrum ex-

cited using the shorter wavelength shows a

strong peak at ~450 nm, which is attributed to

the SiO, and a shoulder at ~560 nm which is at-

tributed to the PbS nanoparticles. The longer ex-

citation wavelength used did not provide

enough energy to excite the SiO, peak, and the

spectrum using this wavelength shows only the

emission peak at ~560 nm of the PbS nano- %

particles. Yang et al.” have reported PL spectra @
of PbS embedded in sol-gel silica glass with an
emission peak at 440 nm when excited at 380 nm
and another peak at 605 nm when excited at
475 nm. In their study, no shoulder was ob-
served when they excited at 380 nm and the
same emission wavelength (440 nm) was ob-
served for the pure sol-gel silica glass. Sashchiuk
et al” reported a broad emission band of PbS in
the range of 600-800 nm in their study of optical
and conductivity properties of PbS nanocrystals
embedded in amorphous zirconia. A broad PL
emission band peaking at 804 nm was observed
also by Chen et al? for alkanethiolate-capped
PbS nanoparticles. Cao et al.” observed a broad
PL emission at 434 nm in their study of the
growth and PL properties of PbS nanocubes. For
PbS nanoparticles coated with CdS, a broad
band emission peak at 510 nm was observed by
Warner et al.* Our results show some similarities
and also differences from previous studies. The
difference can be ascribed to the different reac-
tion environments and contrasting host materi-
als. The luminescence properties of PbS can
therefore be affected by host materials, depend-
ing on the reaction conditions.

The spectra in Fig. 5(a) show that the lumines-
cence peak ascribed to the PbS nanoparticles is
not symmetrical, but has a tail towards longer
wavelengths. To investigate this, the spectrum
excited at 325 nm was fitted with multiple
Gaussian profiles. Figure 5(b) shows that three
Gaussian peaks are necessary to provide an ac-
ceptable fit, with peak wavelengths of 450 nm
(corresponding to the SiO, emission), 514 and
593 nm. The latter two wavelengths correspond
to different transitions from the PbS. The possi-
ble allowed electronic transitions in nano- particles for
exciton recombination are schematically illustrated in Fig. C on-
line and designated by S-S, and P —P, . Based on the possible en-
ergy levels of an electron confined in a quantum dot, if the
bandgap energy is negligible compared with the confinement
energy as is the case here, then the P -P, transition should
have double the energy (i.e. half the wavelength) of the S-S,
transition. We note that this isindeed true for the measurements
of Warner et al.,* although their ascribing an emission at inter-
mediate wavelength to a S —P, transition is questionable because
this is not an allowed transition. In our case, the wavelengths of
514 and 593 nm cannot be ascribed to these different transitions.
Rather, the shorter wavelength emission is ascribed to a direct re-
combination and the longer wavelength to a recombination
through shallow surface states."'*"*
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Fig. 1. Energy dispersion for (a) the bulk semiconductor case compared with that of (b) the nanoparticle
case. Partially redrawn from ref. 3.
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Fig. 2. An SEM image of the SiO,:PbS nanoparticle powder.

Fig. 3. (a) A TEM image of the PbS nanoparticles from an agueous suspension. (b) Electron diffraction
pattern of the nanoparticles.

Conclusion

PbS nanoparticles with polyhedral shapes and a median size of
~17 nm were successfully prepared using a sol-gel method.
Analysis of a TEM electron diffraction pattern showed that the
nanoparticles were crystalline and the interplanar spacings
Table 1. Calculated interplanar distances of PbS nanoparticles compared with

those of the PbS bulk standard (galena) structure,”® with a = 5.9524 A (d =
alN(h*+k*+1%)), and their corresponding crystal lattice planes.

Lattice plane Interplanar distance (d)

of PbS in SiO, (A)

Interplanar distance (d)
of PbS (galena) (A)

(111) 3.32 3.44
(311) 1.74 1.80
(222) 1.66 1.72
(420) 1.32 1.33
(422) 1.18 1.22
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Fig. 4. PL spectrum of sol-gel-prepared SiO, powder excited with a He-Cd laser at
325 nm.

compared well with those of the standard galena structure. To
get the PbS nanoparticles to luminesce, for possible photonic
applications, their surfaces must be passivated to avoid non-
radiative recombinations. This was achieved by incorporating
the nanoparticles in an SiO, matrix during the sol-gel prepara-
tion process. The observed photoluminescence was due to both
the PbS nanoparticles and the SiO, matrix. The emission from
the former occurred in the visible wavelength range, and
consisted of two separate broad overlapping peaks centred on
514 and 593 nm. Emission from bulk PbS occurs in the infrared,
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Fig.5.(a) Normalized PL spectra of the SiO,:PbS sample excited at wavelengths of
(i) 325 nm and (ii) 458 nm. (b) The 325-nm excited emission spectrum fitted with
multiple Gaussian profiles.
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so that a significant blue-shifting occurred due to the quantum
confinement effect, which was expected because the diameter
of the nanoparticles was slightly less than the exciton Bohr
diameter of bulk PbS. The emission of the PbS nanoparticles can
therefore be changed by altering their size. The broadness of the
peaks can be ascribed to the variation in particle size produced
by the sol-gel process. In some applications the emissions from
the SiO, matrix may be undesirable, so future work should
include the investigation of other matrix materials.
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Fig. A. Induced blue or red shift as a result of decreasing or increasing the nanoparticle diameter (r). The envelope shows the homogeneous line broadening of the

emission peak due to composite variation. Partially redrawn from ref.1.
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Fig. B. Preparation of SiO,:PbS nanoparticle phosphors by the sol-gel process.
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Fig. C. Allowed optical transitions in PbS nanocrystals.
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