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Abstract

In this study, the luminescent properties of the CdS(Se) quantum dots (QDs) with the
mean size of 2-4 nm, the (PbS)n/(PbSe)n molecular clusters (MCs) and PbS(Se) quantum
dots (QDs) with the mean size of 2-5 nm embedded in the fluorine-phosphate glass are
investigated. The dependence of the photo luminescence absolute quantum yield (PL
AQY) on the sizes of the CdS(Se) QDs are studied. It is found that the PL AQY of the
CdSe QDs increases monotonically to its maximum height and then falls down. The
PL AQY of the CdS(Se) QDs can reach 50-65%. Luminescence of (PbS)n/(PbSe)n MCs
embedded in fluorine-phosphate matrix and excited by UV radiation is obtained in the
visible spectral region and its absolute quantum yield was up to 10%. The PbSe QDs
have broadband photoluminescence with quantum efficiency about five times more
than MCs (~50%) in the spectral range of 1-1.7 um. Glasses doped with PbS(Se) QDs
provide potential application as infrared fluorophores, which are both efficient and pos-
sess short life times. The glass matrix protects the QDs from external influence and their
optical properties remain unchanged for a long time.

Keywords: quantum dots, molecular clusters, fluorine-phosphate glass, luminescence,
absolute quantum yield

1. Introduction

1.1. Why fluorine-phosphate glasses?

Glass-crystalline materials (or glassceramics) are composite materials, usually consisting of
a glassy matrix (glass phase) and nano-sized dielectric or semiconductor crystals or metallic
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70 Quantum-dot Based Light-emitting Diodes

particles distributed in it. Glassceramics are formed by the growth of crystalline phase inside
of a glass matrix. The growth of crystalline phase occurs as a result of the crystallization of
amorphous phase during heat treatment. Glasses doped with CdS, CdSe, CdTe, PbS, PbSe
nanocrystals are typical representatives of the nano-glassceramics or nanocomposite materi-
als and usually used as a nonlinear optical media [1, 2]. Traditionally silicate glassy matrix
has been used for QDs formation. These glasses are characterized by high synthesis tem-
perature (1300-1500°C), long-time (tens of hours) and high temperature (500-700°C) of heat
treatment [3-7].

In this study, we used a fluorine-phosphate (FP) glass featuring with a number of advan-
tages compared to conventional silicate glasses, including low temperature synthesis and
heat treatment, formation of quantum dots in the wide range of concentrations, short time of
heat treatment and higher spatial distribution homogeneity. Two-stage heat treatment was
afforded to get quantum dots (QDs) with narrow size distribution. The CdS and CdSe QDs
dispersed in a fluorine-phosphate glasses are attracting much attention as nonlinear optical
materials [1], but information about luminescent properties is not available.

In this communication, we present the results of our research designed for synthesis and
characterization of yellow-red and IR emitting semiconductor quantum dots embedded in
the fluorine-phosphate glass. The composites are fabricated by two-staged heat treatment and
stabilization of synthesized II-VI and IV-VI semiconductor QDs into glass matrices. Figure 1
demonstrates initial glasses and glasses after heat treatment.

1.2. Why phosphors for visible spectral region based on CdSe and CdS quantum dots?

QDs are a type of nanomaterials with good fluorescent properties. The size-dependent
emission is probably the most attractive property of semiconductor nanocrystals. Among
them, CdS and CdSe QDs are one of the most promising materials because QDs have
bright luminescence in the visible range of the optical spectrum. For example, CdSe QDs
have shown potential as superior biological labels [8-10], laser sources [11, 12] and tunnel
diodes [13, 14].
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Figure 1. Photo Initial glasses doped with CdS (1), CdSe (2), PbS (3) and PbSe (4) and glasses after heat treatment doped
with CdSe QDs (with different sizes) (5) and PbSe (6).
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Compared with conventional fluorescent dyes, CdS(Se) QDs have a wide continuously dis-
tributed excitation spectra, not only with symmetrical distributed narrow emission spectra,
but also many other excellent properties such as adjustable color, excellent photochemical
stability and high threshold of light bleaching [15].

However, colloidal synthesized bare quantum dots, including CdSe(S) QDs, usually have
surface defects and cause to reduction in absolute photoluminescence (PL) quantum yield.
The best PL absolute quantum yield (AQY) (quantum efficiency) reported for the as-pre-
pared nanocrystals at room temperature is around 20% in the wavelength range of 520-600
nm and about a few percent or lower in the spectrum range above 600 nm. Also, in the spec-
trum range below 520 nm, it is a few percent or lower of total absolute quantum yield [13, 15].
In general, a low PL AQY is due to the surface states located in the bandgap of the nanocrys-
tals. These surface states act as trapping states for the photogenerated charges. The origin of
the surface trapping states is dangling bonds of the surface atoms [3, 16, 17]. Therefore, it is
essential to control the QDs surfaces to reduce the surface defects by passivating the surface
of QDs [18, 19].

The core/shell structures solve optical problems, such aslow PL AQY and improve the stability
of QDs. As was shown, the room temperature quantum efficiency of the band-edge lumines-
cence of CdSe QDs could be improved to 40-60% by surface passivation with inorganic (ZnS)
or organic (alkylamines) shells [18]. Due to the non-radiative processes, a reduction in the PL
emission intensity was observed by annealing of the prepared samples in different environ-
ments (oxygen, hydrogen, and air).

Due to the failure of orange-red emitting materials in general, efforts were directed to
synthesize colloidal CdS/CdSe QDs that can emit light with wavelengths that range from
orange (600 nm) to red (650 nm). Nevertheless, both stability and reproducibility of the PL
AQY are not predictable. With some inorganic and organic surface functionalization, the
PL QY of synthesized colloidal CdSe nanocrystals is boosted more than 50% in the range of
520-650 nm. However, the emission efficiency for the orange-red color window is still low.
Especially for red emission (around 650 nm), the PL QY of the nanocrystals in solution was
nearly zero [15].

1.3. Why optical transparent glasses doped with CdS and CdSe quantum dots?

Semiconductor CdS and CdSe nanoparticles dispersed in a silicate glass matrix are
attracting much attention [3-5]. The possibility of QDs formation in the optical glasses
creates significant benefits for their application. Currently, optical transparent glasses
doped with nanocrystals are of great interest for the modern element base of photonics. In
these materials, the best properties of nanocrystals and glasses technology (possibilities
of pressing and molding, spattering, pulling optical fibers, using ion exchange technol-
ogy) are easily combined. In addition, the glass matrix protects the QDs from external
influence.
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72 Quantum-dot Based Light-emitting Diodes

In the QDs doped silicate glasses, the PL spectra consist of two bands: a less intense high-
energy band and a lower energy broader band. The first band occurs at a wavelength
10-20 nm higher than the absorption edge of QDs and is due to direct electron-hole recom-
bination. This weak peak shifts to the higher wavelength with increasing particle size. The
second band is due to surface defects and occurs at 800-900 nm spectral region. PL AQY
is less than 30% for CdS(Se) QDs in the silicate glasses and decreases as the size of QD
increases [4].

1.4. Optical composite materials with PbS and PbSe quantum dots as tunable near-IR
phosphors

Semiconductor PbS and PbSe quantum dots have been widely investigated because of their
unique optical and electronic properties. PbS and PbSe are a typical narrow bandgap (E = 0.41
eV, E =029 eV) semiconductors with the Bohr’s exciton radii 20 nm (for PbS) and 46 nm (for
PbSe). Their large Bohr radius provides strong quantum confinement effect that can be easily
realized in a wide range of QD size [20, 21].

Optical composite materials with PbS and PbSe QD are widely used in optical and photonic
applications. For example, PbS(Se) QDs have potential applications in near-infrared photode-
tectors, photovoltaics and as saturable absorbers [22, 23]. In contrast to rare-earth ions-doped
optical materials, lead chalcogenide quantum dot-doped glasses can provide tunable near-IR
luminescence (about 1-2 um) with high absolute quantum yield (=60%) by controlling the size
and distribution of QDs [22-24]. Despite a lot of efforts spent to find a novel gain medium
which can almost cover the whole optical communication window, it is essential to tailor the
emission of QDs embedded in a glass matrix in a wide bandwidth of the optical communica-
tion network. Therefore, PbS and PbSe QDs are promising gain media for covering the whole
optical communication window [24-28]. Several advances of controlled chemical synthesis
of the materials have provided the ways to grow QDs and manipulate their size, shape and
composition using different methodologies [29].

PbSe and PbS QDs with a band gap in the mid-infrared are interesting infrared phosphors
materials. In the visible spectral range organic dyes usually present large PL AQY value than
quantum dots, but infrared organic dyes have very low PL AQY suffer from poor photostabil-
ity. On the other hand, the rare-earth ions can be used as the efficient infrared phosphors but
they have small absorption cross sections and microsecond lifetimes. Infrared phosphors of
PbS(Se), that are both efficient and possess short lifetimes, may find unique applications in
the near-IR spectral range where biological tissues are relatively transparent, or as fluorescent
materials in the fiber communication range of 1.3-1.5 microns.

Variation of temperature and duration heat treatment (HT) of the glasses doped with Pb, S
or Se make possible to change sizes of PbS(Se) QDs in a wide range (2-15 nm). The choice of
these parameters enhances the formation of nucleation centers (NCs) in the glass and leads
to good size control and small size dispersions. The growth processes of lead chalcogenide
QDs is based mainly on the phase decomposition from the over-saturated solid solution. Two-
stage heat treatment of the glass afforded QDs with narrow size distribution.
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Lead chalcogenide QDs have been synthesized in silicate glasses, fluorine-phosphate glasses
and germanosilicate glasses [7, 30-32]. Among these glasses, fluorine-phosphate glasses have
the largest solubility of lead chalcogenide compounds [32].

It is evident that during the process of formation and growth, these structures pass through
the phase when their sizes are less than 1.0 nm and they do not possess semiconductor prop-
erties. This phase corresponds to the existence of lead chalcogenide compounds in a form of
molecular clusters (MCs) [36]. The optical properties of MCs are considerably different from
the properties of QDs.

In this study, we used a fluorine-phosphate glass (FPG) doped with high concentration of
CdS, CdSe, PbSe and PbS QDs. FPGs are featured with a number of advantages compared to
conventional silicate and borosilicate glasses. FPGs characterize low temperature synthesis,
possibility for a wide range adjustment of the formed quantum dots concentration, low tem-
perature and time of heat treatment and higher spatial distribution homogeneity of the QDs.
We represent the luminescent properties of the fluorine-phosphate glasses doped with CdS,
CdSe, PbSe and PbS QDs.

2. Preparation procedure

In order to investigate the effect of the QDs sizes on the PL properties, the fluorine-phos-
phate (FP) glasses 0.25Na,O-0.5P,0,-0.05ZnF-0.1Ga,0,-0.05A1F,-0.05NaF (mol%) doped
with CdS, CdSe or PbSe (PbF,+ZnS) and PbS (PbF +ZnSe) were synthesized The glass
synthesis was conducted in an electric furnace at 1050°C in the Ar-atmosphere using the
closed glassy carbon crucibles. This method allows for maintaining the high concentra-
tions of volatile components (such as Se, Se ore F) and avoiding the interaction with atmo-
spheric air, thus preventing the fluorine-oxygen substitution reaction. After quenching,
the glasses were annealed at 320°C for 1 h to release thermal stress and to form MCs.
Then glasses were cut into pieces of 10 x 10 mm and were optically polished. Planar pol-
ished samples 0.4-1.0 mm thick were prepared for further investigation. Samples were
heat treated using a muffle furnace (Nabertherm) with program temperature control to
induce formation of CdS(Se) and PbS(Se) QDs at a temperature above glass transition
temperature (Tg).

3. Luminescent properties of quantum dots in the fluorine-phosphate
glasses
3.1. Fluorine-phosphate glasses doped with CdSe quantum dots

The emission properties of semiconductor nanocrystals can be evaluated by three key param-
eters, which are the brightness, the emission color and the stability of the emission.
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Samples of the glass-containing CdSe QDs were prepared by heat treatment of 0.25Na,O-
0.5P,0,-0.05ZnF,-0.1Ga,0,-0.02PbF -0.08AlF, glass doped with 0.6 mol% CdSe. The glass
transition temperature measured with STA 449 F1 Jupiter (Netzsch) differential scanning
calorimeter (DSC) was found to be 400 + 3°C (Figure 2). DSC curve of the glass doped with
CdS and CdSe was identical. High crystallization pick in 430-460 temperature range confirms
high concentration CdSe(CdS) QDs in the glass. Hence, on the base of DSC data, we have
determined the regimes of heat treatment of the starting glasses which are necessary for the
nanocrystalline phase production: temperature T =410°C, time 20-60 min.

The optical density spectra of the studied FP glass samples were recorded using a double-
beam spectrophotometer Lambda 650 (Perkin Elmer) in the 1.5-5 eV spectral region with
0.1 nm resolution. Absorption spectra demonstrate that due to quantum size effect, the band
gap of CdSe QDs increases from 2.2 to 3.0 eV, as the size of the nanocrystals decreases from
4.0 to 2.0 nm.

The emission color of the PL of the nanocrystals shifts continuously from red (centered at 730
nm) to orange (centered at 630 nm) as size of QDs decrease (Figure 3). QDs sizes were defined
using data [34, 35].

In the PL spectra, the broad band with a large Stokes shift is dominant, and the band-edge PL
is negligibly weak (Figure 3). The emission spectrum of samples is dominated by “deep trap”
emission, strongly red shifted from the band edge (Figures 3 and 4). For registration of the
emission spectra was used an EPP2000-UVN-SR (Stellar Net) fiber spectrometer. The lumi-
nescence was excited by semiconductor lasers (A= 405 nm). Figure 5 illustrates a luminescence
shift from yellow to red with the increasing size of QDs.

Figure 6 demonstrates the excitation energy dependence of PL. AQY magnitudes for glasses
doped with CdSe QDs. The QDs concentration in the glasses 2 and 3 is equal (Figure 3),
but AQY of the QD with size 3 nm is two times higher. The emission color of the PL of the
QDs with size 3 nm is red with A__ =700 nm. Absolute quantum yield measurements were
carried out inside the integrated sphere with Photonic Multichannel Analyzer (PMA-12,
Hamamatsu) at room temperature. The measurement error for the absolute quantum yield
was +1%.
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Figure 2. Thermal curve of the starting FP glass doped with Cd, Se and S measured with differential scanning calorimeter.
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Figure 3. Absorption and luminescence spectra of the FP glass doped with CdSe QDs with sizes of 2.0 nm (1), 3.0 nm (2)
and 4.0 nm (3). The excitation energy is 3.06 eV.
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Figure 5. Photography of the luminescence of the glasses doped with CdSe QDs with sizes 2—4 nm.
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Figure 6. Dependence of the PL AQY for FP glasses doped with CdSe QDs with sizes 2.0 nm (1), 3.0 nm (2) and 4.0 nm
(3) on the excitation energy.

The PL AQY magnitudes for glasses doped with CdSe QDs demonstrate a nonlinear depen-
dence on the size (Figure 7). The PL AQY of the QDs increases monotonically from 4% to
a maximum and then falls down to 30% (Figure 4). For convenience, the position with the
maximum PL AQY is called the bright point as in Ref. [15]. The bright point for CdSe QDs in
FP glass was observed for QDs with size 3.0 nm.
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Figure 7. Dependence of the PL AQY on the PL peak position of the CdSe QDs.
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The typical full width at half-maximum (FWHM) of the PL peak of the CdSe QDs ensemble at
room temperature in FP glass, around 300-600 meV, is noticeably broader than that observed for
colloidal QDs (30-70 meV) [15]. FWHM magnitudes decrease as QDs sizes increase (Figure 8).

3.2. Fluorine-phosphate glasses doped with CdS quantum dots

As aresult of quantum confinement effects, the absorption bands of the colloidal semiconduc-
tors CdS QDs shift to the higher energy region compared with the band-gap energy of 2.5 eV
in a CdS bulk crystal [15]. Heat treatment leads to this effect in the glasses. It was shown [36]
that heat treatment has a significant impact on properties of glasses doped with CdS QDs.
With increasing of the heat-treatment duration, the absorption band shifts to a lower energy
side. These results indicate the formation and growth of the CdS QDs. Based on the theory of
the quantum size effect in spherical QDs [37], the mean radii of prepared CdS QDs are esti-
mated to be 2.3 and 3.5 nm. The observation of the clear absorption peaks indicates that the
size-distribution width of the CdS QDs is rather small (Figure 9).

Figure 9 clearly shows effect of the heat treatment on the absorption and emission spectra of
FP glasses doped with CdS QDs with sizes 2.3 and 3.5 nm. In PL spectra, the broad PL band
with a large Stokes shift (1.2 eV) is dominant, and the band-edge PL is negligibly weak. The
emission spectrum of samples is dominated by “deep trap” emission, strongly red shifted from
the band edge.

Figure 9 demonstrates size dependence of the PL AQY magnitudes for glasses doped with
CdS QDs with sizes 2.3, 3.5 and 1.5 nm.

The PL AQY magnitudes for glasses doped with CdS QDs with sizes 2.3-3.5 nm demonstrate
weak dependence on the size (Figure 10). The PL AQY of the CdS QDs increases to 65% for
QDs with size 2.3 nm and then slowly fells down to 60% for QDs with size 3.5 nm. In a whole
range of the QDs sizes (1.8-3.5 nm) PL AQY magnitudes does not fall below 30%.
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Figure 8. Dependence of the PL FWHM magnitudes for glasses doped with CdSe QDs with different sizes.
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Figure 9. Absorption and luminescence spectra of the FP glasses doped with CdS QDs with sizes of 2.3 nm (1) and 3.5 nm
(2). The excitation energy is 3.06 eV. Inset: Luminescence of the FP glasses doped with CdS QDs.
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Figure 10. Dependence of PL AQY magnitudes for glasses doped with CdS QDs with sizes 2.3 nm (1), 3.5 nm (2) and 1.8
nm (3), respectively, on the excitation wavelength.

3.3. Stability of CdS and CdSe quantum dots in the fluorine-phosphate glasses

The PL properties of the CdS and CdSe nanocrystals prepared in the FP glasses, including the
PL QY, the peak position and the PL FWHM, did not show any detectable change upon aging
in air for several years.

It is known that under the various external factors (fluorescent lighting, laser and UV expo-
sure in an oxygen environment) the CdS(Se) QDs sizes decrease [15] due to the formation of



CdS(Se) and PbS(Se) Quantum Dots with High Room Temperature Quantum Efficiency...
http://dx.doi.org/10.5772/intechopen.68459

the layer in which sulfur or selenium substitute for oxygen. This process is named photo-oxi-
dation. Photo-oxidation destroys the luminescent centers and reduces PL AQY magnitudes
of the colloidal QDs.

A stability of nanocrystals in the FPG were defined by an impulse wave laser photo-oxidation
experiment at UV (355 nm), visible (532 nm) wavelengths and after interrelation with Hg
lamp during 3 h.

Figure 11 shows the result of the experiment on the FP glass samples doped with CdSe QDs
in a diameter of 4.5 nm. The laser power density was 15 m] and durations of the interaction
laser change was from 0 to 15 min.

Before and after irradiation, the absorption spectra of the four samples were identical. This
result demonstrates that the photo-oxidation of the nanocrystals in the glass is negligible.

A related photo-oxidation experiment was done on CdSe and CdS nanocrystals. The optical
densities of the three samples were within 10% of each other below 375 nm. The CdS sample
showed an absorption peak at 418 nm and for the CdSe sample, it is at 420 and 450 nm. A 240
W Hg lamp illuminated the three samples simultaneously for 3 h at a large enough distance
from the lamp to prevent significant heating. As above, the CdS and CdSe nanocrystals did
not show the blue shifting of their absorption maximums and a general loss of optical density
at all wavelengths of absorption. The magnitudes of quantum yields were within the error of
measurement for all tested glasses before and after the UV radiation.

Our qualitative results demonstrate the enhanced photostability of the QDs synthesized
in the FP glasses. We measured the absorption spectra and the quantum yields of FP
glasses doped with QDs before and after irradiation during 12 months. No changes in
absorption spectra and in quantum yield were detected. This combination of photostabil-
ity and high quantum yield makes these materials very attractive for use in optoelectronic
devices like LEDs.
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Figure 11. Absorption spectra of FP glasses doped with CdSe QDs with size of 4.5 nm after laser irradiation at power
density 15 m]J during 0 min (1), 5 min (2), 10 min (3) and 15 min (4) at A_ =355 nm. The diameter of the laser beam is 4 mm.
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Absolute quantum yield allows to estimate the efficiency of converting UV light in the visible
range and emphasizes the importance of this parameter for industrial applications of glasses
doped with CdS(Se) QDs as luminescence down-shifting material or phosphor.

3.4. A fluorine-phosphate glass doped with CdS(Se) as a new type of red phosphor

The blue LED InGaN used as a basic component of the white LED emits with the spectra
maximum at 450 nm. YAG:Ce3+ powder is a conventional phosphor with the spectral
maximum at 570 nm and shifts the LED color temperature range toward the “warmer”
white light. However, this composition gives the so-called “cold” white light, because
their radiation does not cover the overall visible range. This “cold” white light is not
always comfortable for eyes. Thus if one wants to get the composition of the emitters
with “warm” white light, it is necessary to introduce an additional phosphor —some new
component, introducing into the spectrum the red component with broad band lumi-
nescence and the maximum at 600-750 nm. Prospective for this task are, for instance,
materials doped with manganese ions. However, this type of LEDs has a significant disad-
vantage —the absorption cross-section by manganese ions in the spectral range of 400-600
nm is negligible.

One can solve this problem with the use of other phosphor activators —CdS(Se) QDs with the
maximum of the emission band at 650-700 nm, which introduces into the blue LED emission
of the red component. As a result, the mixing of blue, green and red light takes place. In our
work we have tried to solve the mentioned problems by means of the FP glasses doped with
CdS(Se) QDs.

Figure 12 shows the CIE chromaticity coordinates of the FP(CdSe) glass heat treated at T'=405°C
for 30 and 60 min and Figure 13 illustrates CIE chromaticity coordinates of the FP(CdS) glass
heat treated at T = 415°C for10, 30 and 40 min. It is shown the increasing of the heat-treatment
duration shifts the chromaticity coordinates from the yellow area (x=410, y =370) to the area of
the diagram that corresponds to the red color (x =440, y = 380).

L

Figure 12. CIE chromaticity coordinates of the FP(CdSe) glass heat treated at T'=405°C during 30 min (a) and 60 min (b).
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Figure 13. CIE chromaticity coordinates of the FP (CdS) glass heat treated at T = 415°C during 10 min (1), 30 min (2), 40
min (3) and 60 min (4).

In this study, a new type of red phosphor representing a fluorine-phosphate glass doped with
CdS(Se) were synthesized using technology developed and applied earlier by Vaynberg [1].
These red phosphors with combination of green-yellow phosphors can be applied to fabricate
the pc-WLEDs on the blue InGaN chips.

Absolute quantum yield allows estimating efficiency of converting UV light in the visible
range that is why it is an important parameter for industrial applications of glasses doped
with CdS(Se) QDs as luminescence down-shifting material or phosphor.

3.5. Fluorine-phosphate glasses doped with PbS and PbSe molecular clusters

Highly concentrated semiconductor components, which can be stored in glasses, is a main
difference between FP glasses and previously studied silicate and borosilicate glasses. It is
obviously expressed, that the concentration of MCs and QDs, which may be formed in the
glass during heat treatment, is also significantly higher. High concentration and the uniform
distribution of the activators should lead to high values of absolute quantum yield. DSC
curves confirm the high concentration of the activator (Figure 14).

The glass transition temperature was found to be 400—408 + 3°C. Samples were heat treated to
induce formation of PbS(Se) QDs at 410°C. Due to the high concentration of sulfur and sele-
nium, crystallization peak induced by the precipitation of PbS(Se) QDs was observed.

As-prepared glasses doped with PbS(Se) demonstrate strong luminescence (when excited in
UV spectral region) due to the MCs formation whereas the changes of the absorption coeffi-
cient are not large. The heat treatment at temperatures less than T, results in the MCs’ growth
and increases the luminescence intensity [36-38]. For registration of the emission spectra
excited at A =405 nm (3.06 eV), we used an EPP2000-UVN-SR (Stellar Net) fiber spectrometer.
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Figure 14. DSC curves of the initial glasses doped with PbSe (a) and PbS (b).

The optical density spectra of the studied FP glass samples were recorded using a double-beam
spectrophotometer Lambda 650. (Perkin Elmer) in the 1.5-5 eV spectral region with 0.1 nm
resolution and spectrophotometer Cary 500 (Varian) from 300 to 3000 nm (optical resolution
was 0.5 nm).

PL excitation spectrum of the glass doped with MCs(PbS) can be observed in spectral range
of 250-400 nm (Figure 15a). Asymmetric form of the PL excitation band by two (A__ =290
nmand A__ =350 nm) indicates the existence of various sizes of the MCs. Figure 15b shows
luminescence spectra of MCs(PbS), . The broad luminescence band of the MCs shifts from 570
to 700 nm due to the MCs sizes increasing. The absolute quantum yield of the as-prepared
glasses doped with PbS (1) and after heat treatment (2) are shown in Figure 16a. The absolute
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Figure 15. PL excitation spectrum of the glass doped with MCs (PbS), (A, =540 nm) (a) Luminescence spectra of the
glasses doped with MCs (PbS) : as-prepared (1) and after heat treatment at T, = 410°C within 10 min (2), 20 min (3), 30
min (4) and 40 min (5) (A_ =250 nm) (b).
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quantum yield of the as-prepared glass doped with PbSe (1) and after heat treatment (2)
shown in Figure 16b. Figure 16c shows the photography of the (PbS) MCs luminescence at
A, =365 nm. Absolute quantum yield of the FP glass doped with PbS and PbSe MCs depends
on excitation wavelength and changes from 10 to 2% (Figure 16a and b). The MCs are nucle-
ation centers for the formation of PbS and PbSe QDs. It was shown [33, 36] that QDs formation
in FP glasses leads to an increase in its intensity by a factor of five (Figure 16a and b).

15+ (b)
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Figure 16. (a) Absolute quantum yield for the glasses doped with PbS as-prepared (1) and glass after heat treatment (2),
(b) Absolute quantum yield for glass doped with PbSe as-prepared (1) and after heat treatment (2) and (c) photography
of the (PbS), MCs luminescence at A =365 nm.

The luminescence spectrum of FP (PbS) after heat treatment at T = 360°C within 90 min (1)
(Figure 17a) demonstrates appearance of the second band (980 nm) due to small QDs forma-
tion. After heat treatment within 97 min (2) the luminescence band of the MCs was disappeared
(Figure 17a).
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Figure 17. (a) Luminescence spectra of FP glass doped with MCs (PbS), after heat treatment at 400°C within 90 min (1)
and 97 min (2), E_ =3.06 eV and (b) Luminescence intensity in maximum as a function of thermal treatment temperature.
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Figure 18 shows the influence of heating on luminescence spectra. In this experiment, the sam-
ple preliminary thermal treated at 380°C was used. The increase of the sample temperature
from 20 to 250°C led to seven times decrease of luminescence intensity and to the weak red
shift of the luminescence band. This effect is reversible and can be repeated for many times [36].
The luminescence thermal quenching can be explained by a fact that with the temperature rise
the electrons in the excited state can occupy high vibrational energy levels, which intersect the
ground state level at configuration coordinate diagram. This allows the vibrational relaxation of
the excited electrons to the ground state via phonon release without emission of radiation [36].

3.6. Fluorine-phosphate glasses doped with PbS and PbSe quantum dots

For luminescence measurement (scanning ranges 400-1100 nm and 900-1800 nm) with fixed
excitation wavelength (A_ = 808 nm) Stellar Net EPP2000-UVN-SR fiber spectrometer was
used (optical resolution 0.5 nm). A semiconductor laser with pumping power 0.1 W excited
the luminescence.

When heat-treatment duration or temperature increase, the new band appears with A =
1000 nm. It is due to the PbSe (S) QD formation with the sizes below 2.0 nm (Figure 16a).
Increase of the heating temperature and time results in a prominent change of the absorption

spectra and appearance of discreet spectra corresponding to QDs.
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Figure 18. The influence of the temperature of the FP glasses doped with (PbSe), MCs on the luminescence intensity..-
The luminescence spectra were measured at temperature of (1) 22°C, (2) 50°C, (3) 100°C, (4) 150°C, (5) 200°C and (6)
250°C. Excitation wavelength was of 405 nm. Inset: Luminescence intensity in maximum via the temperature of the
sample and photo of the luminescence of the FP glass doped with (PbSe), MCs.

To precipitate PbS QDs, glass samples were heat treated at temperature 410°C within 20-90
min (Figure 19). Based on hyperbolic band model obtained from k x p calculations [21], average
diameters of these PbS QDs were found to be 3.0, 3.9 and 4.9 nm. QDs sizes were calculated
using formula:
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~ 1
E, = 041+ 45555 prroass D (1)

where E —energy gap of PbS QDs (eV) and D—diameter of QDs in nm.

Increasing heat-treatment time and temperature leads to shifting of luminescence bands of
the PbS QDs to 970, 1300 and 1500 nm (Figure 19) and absorption bands (to 920, 1100 and
1400 nm). Stokes shift changes from 80 to 50 meV due to the changing of QDs sizes from 3.0
to 4.9 nm (Figure 21b).
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Figure 19. Luminescence spectra of the glasses doped with PbS QDs with sizes 3 nm (1), 3.9 nm (2), 4.9 nm (3) and
A__ =808 nm.

e

Figure 20 shows absorption and luminescence spectra of PbSe QDs formed in glasses.
Increasing of the heating time results in prominent changes of absorption spectra of the FP
glass doped with PbSe and leads to appearance of discreet spectra corresponding to QDs.
Based on hyperbolic band model obtained from tight binding calculation using experimental
energy values E, we can estimate the PbSe QD sizes [39] according to Eq. (2),
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Figure 20. Absorption (a) and luminescence (b) spectra of the glasses doped with PbSe QDs with sizes 2.5 nm (1), 3.0 nm
(2),3.7nm (4), 5.1 nm (5), A__=808 nm.
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where D is the effective diameter of the quantum dots (nm), E_ is the energy gap of PbSe
quantum dots (eV) and E (=) is the energy bandgap of bulk PbSe semiconductor (0.29 eV).

When heat-treatment time and temperature are increased, absorption peaks shifts to 870-1540
nm and luminescence bands shifts to 1050-1650 nm. Stokes shift of QDs changes from 335 to
60 meV when size varies from 2.5 to 5.1 nm (Figure 21a).

It can be deduced that heat-treatment conditions define the formation characteristic of PbS
(Se) QDs in glass (such as the beginning growth temperature, growth rate, density in glass
matrix, size and size distribution of QDs, etc.).

Because of matching of the PL characteristic with window (1330 nm) of PbSe QD-embedded
glass (see the Figure 4, curve 3), we choose this glass as the representative sample to char-
acterize the optical amplification at the 1330 nm window. Signals at 1330 nm with different
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Figure 21. Stokes shift versus QDs diameter for PbS (a) and PbSe (b) QDs.
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pump power values were measured. It can be found that the intensity enhances gradually
with increasing of power. Even when the pump power reaches from 500 to 1000 mW, no obvi-
ous signal saturation is detected. This allows that FP (PbS and PbS) glasses can be potentially
applied in broadband amplifiers and confirm the high photo-stability of the QDs synthesized
in the FP glasses. We also measured the absorption spectra and quantum yields of FP glasses
doped with QDs before and after irradiation during 12 months. No changes in absorption
spectra and in quantum yield were detected.

The FP glasses doped with PbSe and PbS QDs are infrared fluorophores, which are efficient,
photo-stable and possess short lifetimes. These materials may find unique applications for
fluorescent imaging.

4. Conclusions

The CdS and CdSe nanocrystals synthesized in the fluorine-phosphate glass represents a
series of excellent emitters in the orange-red spectral region (600-750 nm) in terms of their PL
AQY and the FWHM of the PL spectra, and they show the photo- and chemical stability of the
emission for a long time.

The photoluminescence quantum yield of CdSe QDs rises monotonically to a maximum value
and then decreases gradually with the size increase of QDs. Such a maximum (a PL “bright
point”) is in 650-750 nm spectral range.

The PL AQY magnitudes for glasses doped with CdS QDs with sizes of 2.3-3.5 nm demon-
strate weak dependence on the size and reaches 65%.

We suggest that origin of these dependences is the difference in the interaction mechanisms
between CdSe and CdS quantum dots and glass network.

Experimental results suggest that the existence of the PL bright point is a general phenom-
enon of CdSe QDs and similarly is a signature of an optimal surface structure reconstruction
of the nanocrystals grown in a liquid or in a glass. Absolute quantum yield magnitude of
luminescence glasses doped with CdS (Se) QDs can reach 50-65%, which is two times higher
than it was reported earlier in silicate glasses. It opens up new prospects for using such mate-
rials as phosphors for white LEDs and down-convertors for solar cells.

It was shown that heat treatment of the FP glasses leads to formation of (PbS) and (PbSe),
molecular clusters, which exhibit luminescent properties in visible range with quantum effi-
ciency from 2 to 10%. Increasing the heat-treatment temperature results in the PbS and PbSe
QDs (sizes of 3-5 nm) formation with high concentration (~1 mol%). The QDs have broad-
band photoluminescence with quantum efficiency about five times more than MCs (~50%) in
the spectral range of 1-1.7 um. FP glasses doped with PbSe and PbS QDs are infrared fluoro-
phores, which are both efficient and possess short lifetimes. These materials may find unique
applications for fluorescent imaging tagging in the near-IR spectral range or as fluorescent
materials in the fiber communication range of 1.3-1.5 microns.
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