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peak wavelengths, but also in the absorption and emission 
coefficients.

IV–VI semiconductor PbSe possesses a narrow band-
gap of 0.278 eV and an exciton Bohr radius of 46 nm, 
much larger than those of II–VI cadmium chalocogenide 
(4–10 nm). And the optical spectra of PbSe QDs can cover 
a wide near-infrared (NIR) waveband range of 1–3 μm by 
altering the QD size, which is very important for optical 
communication applications. The very large Bohr radius 
permits the optical properties of PbSe QDs to be evalu-
ated in the limit of extremely strong quantum confinement 
because the strong confinement effect can be obtained eas-
ily with large particles. Meanwhile, the quantum confine-
ment effect would suffer less possible interference from 
QD surface defects for the large particles, which benefits 
the enhancement of QDs emission efficiency [3–5].

Various methods have been used to prepare PbSe QDs 
[4–9]. Current syntheses, such as the one with the organic 
solution method, can produce high-quality PbSe QDs with 
respect to photoluminscent (PL) quantum yield in excess of 
60 % and size distribution of ±5 % [10, 11]. But for practi-
cal applications, QDs should be integrated into surrounding 
matrices such as polymers or glasses; especially, consid-
ering that glass matrices are chemically and mechanically 
stable and can provide robust materials for fabrication of 
optoelectronic devices in bulk, planar or fiber forms, and 
PbSe QDs fused into glass hosts have received much atten-
tion in the past two decades [12].

With regard to the applications of PbSe QDs in glasses 
in optoelectronics, optical studies are undoubtedly impor-
tant. Previous studies on PbSe [13–17], PbS [18–20], InAs 
[21] and CdSe [22] QDs mainly concentrated on the col-
loidal QDs. The absorption coefficient (absorption cross 
section) defines the extent to which a material absorbs 
energy. Leatherdale et al. [22] reported that the absorption 

Abstract The synthesis of PbSe quantum dots (QDs) in 
silicate glasses was achieved by a simple melt-annealing 
technique. Transmission electron microscopy analysis 
proves the formation of PbSe QDs in glasses. The absorp-
tion spectra show that the light absorption originates from 
the PbSe QDs in glasses mostly, and the energy-integrated 
molar extinction coefficient for the first exciton transition 
was deemed to be only about 1/10 of those from colloidal 
PbSe QDs. The photoluminescence analysis reveals that the 
Forster energy transfer is responsible for the shape of the 
PL peak. For the sample with PbSe QDs in a small radius 
of 5.2 nm, a pronounced Stokes shift of 70 meV was found, 
and the Huang–Rhys factor was calculated to be 2.1.

1 Introduction

Semiconductors in nano-crystallized form exhibit mark-
edly different electrical, optical and structural properties as 
compared to those in the bulk form [1, 2]. Quantum dots 
(QDs), confined in all three spatial dimensions, are fasci-
nating systems demonstrating three-dimensional quantum 
confinement effects as the nanocrystal sizes approach the 
exciton Bohr radii. Particularly, their optical properties dif-
fer greatly from those of the corresponding molecular and 
bulk materials, and the quantum confinement effect makes 
QDs exhibiting tunable optical absorption and emission 
properties with varying dot size, reflecting not only in the 
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cross section of CdSe QDs was largely insensitive to the 
surrounding solvent. The oscillator strength, depending 
on intrinsic QD properties merely, was used as a measure 
to decide the relative strength of the electronic transitions 
in QDs, and the oscillator strength was found in the range 
8–25 depending on QD size for the first exciton transition 
of the colloidal PbSe QDs [13]. The Maxwell–Garnett 
(MG) effective medium theory was used to evaluate the 
absorption coefficient of QDs, and it was found that the 
calculation results agreed well with the experimental data 
at high photon energies [13, 20–22]. PL spectra depend on 
the material properties, and their intensity dependencies 
can allow one to investigate recombination mechanisms. 
The shift of the PL band with respect to the absorption-
edge is called the Stokes shift. Different groups gave dif-
ferent results for the Stokes shift of PbSe QDs in simi-
lar sizes, and the results look inconsistent. For instance, 
Wehrenberg et al. [16] reported a Stokes shift of 38 nm for 
the PbSe QDs with a mean size of 4.6 nm; Pietryga et al. 
[23] reported a Stokes shift of 52 nm for the PbSe QDs 
with a mean size of 12 nm; and Lifshitz et al. [24] reported 
a Stokes shift of 133 nm for the PbSe QDs in size of 4 nm 
and an anti-Stokes photoluminescence (ASPL) of −10 nm 
for the QDs in a size of 6.3 nm.

Contrary to the quantitative absorption and PL stud-
ies on colloidal QDs, there have been few quantita-
tive spectroscopic studies on QDs embedded in glasses; 
previous studies were mainly devoted to the qualitative 
descriptions of the absorption and PL results, or related 
to decay kinetics studies, nonlinear optical behavior, etc. 
[6, 25–33]. In this paper, we reported synthesis of PbSe 
QDs in silicate glasses by a melt-annealing technique 
and emphasized on quantitative studies on the absorp-
tion and PL studies of PbSe QDs in silicate glasses. We 
found that with the increase of thermal-treatment tem-
perature, the generated smaller PbSe QDs would coa-
lesce into bigger ones, which leads to the decrease of QD 
density in host glass. The absorption spectra show that 
the light absorption originates from the generated PbSe 
QDs in glasses mostly, and the calculated energy-inte-
grated absorption coefficient for the first exciton transi-
tion is only about 1/10 of those from colloidal PbSe QDs 
previously reported. And we calculated the oscillator 
strength per particle of the first optical transition, which 
is far smaller than 8–25 in previous report [13] possibly 
due to the existence of substantial surface defects. By 
the PL studies, we thought that the Forster energy trans-
fer was responsible for the shape of the PL peak. And 
then, the Stokes shift of the PL peak with respect to the 
absorption-edge was studied. For the sample with PbSe 
QDs with a small radius of 5.2 nm, a pronounced shift 
of 70 meV was found, and the Huang–Rhys factor was 
calculated to be 2.1.

2  Experimental procedure

The glass compositions were chosen including (in wt%): 
58.7 SiO2, 8.9 ZnO, 15.7 Na2O, 4.5 B2O3, 4.0 Al2O3, 2.2 
AlF3, 3.0 PbO, 3.0 Se and an additional 1.0 element C. 
These materials were mixed together thoroughly and 
melted for 1 h in a corundum crucible at 1,400 °C in an 
electrically heated furnace. The glass melts were then 
quenched by pouring onto metal molds, and glass sam-
ples with transparent straw-yellow colors were obtained. 
According to our previous reports [34], the adequate tem-
perature for the crystallization of PbSe QDs in silicate glass 
was in the range of 550–650 °C. Therefore, in the following 
thermal-treatment stage, the glass samples were annealed 
at 550, 600 and 650 °C, respectively, for 5 h, which were 
labeled as samples G1, G2 and G3, respectively. As a 
result, the glasses turned black, indicating the formation of 
PbSe crystalline phase in the host glasses.

The glass samples were characterized with the help of 
different characterization techniques. The transmission 
electron microscope (TEM, Tecnai G2 F30 S-Twin) images 
were used to study the crystalline quality and morphology 
of PbSe QDs. The absorption spectra were observed with a 
Shimadzu UV-3150 UV–VIS–NIR spectrophotometer; the 
PL spectra were measured with an Edinburgh FLSP920 flu-
orescence spectrometer, where an Nd3+: YAG laser source 
with the excitation wavelength of 1,064 nm and the power 
of 1 W was used.

3  Results and discussion

Firstly, TEM measurements were carried out to study the 
microstructures and morphologies of the PbSe crystalline 
phase in host glasses, as illustrated in Fig. 1. It is clearly 
seen that some nearly spherical black dots are dispersed in 
the glass matrices in samples G1–G3. Then, high-resolution 
TEM (HR-TEM) measurements were used to discriminate 
the black dots; the insets in Fig. 1 (G1–G3) show the HR-
TEM images of a typical black dot corresponding to each 
sample. The lattice distances annotated in the HR-TEM 
images are measured to be 2.16 Å, equal to the distance of 
neighboring (220) crystal plane of PbSe crystal, which thus 
proves the precipitation of PbSe QDs in all samples. The 
EDX spectrum from a typical PbSe QD in the samples fur-
ther confirms the existence of elements Pb and Se, and no 
other elements exist inside the QD except for the elements 
Cu and Zn from TEM grid.

Another phenomenon that should be noted is that in 
sample G1 and G2, one black dot usually stands for a single 
PbSe QD; while in sample G3, one seemingly black dot is 
normally made up of several PbSe QDs, as illustrated in the 
inset of Fig. 1(G3), and at least three kinds of crystal planes 
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with different orientations are annotated in this HR-TEM 
image. This means that this PbSe QD consists of at least 
three smaller PbSe QDs. Furthermore, we can see from 
the figures that the QD density in sample G3 is evidently 
smaller than those in sample G1 and G2. Therefore, we can 
conclude that with the increase of thermal-treatment tem-
perature, not only do the diffusion velocities of Pb2+ and 
Se2− speed up, promoting the growth of PbSe QDs, but 
also the generated smaller PbSe QDs would coalesce into 
bigger ones, hence leading to the decrease of QD density in 
host glass [35]. For each sample, several TEM images were 
taken from different areas, and then, the PbSe QDs were 
counted and measured to give a mean size, which are 4.7, 
6.8 and 10.8 nm, respectively, for samples G1, G2 and G3.

Figure 2 shows the linear absorptions of samples G1–
G3. For the sake of comparison, the absorbance curves of 
the glass sample without PbSe ingredient and the as-pre-
pared PbSe-doped glass sample without thermal-treatment 
are presented. Evidently, the samples G1 and G2 have one 

Fig. 1  TEM images of PbSe 
QDs in sample G1, G2 and 
G3; the insets are the HR-TEM 
images of a typical single PbSe 
QD corresponding to each sam-
ple; the EDX spectrum is from a 
typical PbSe QD in the samples

Fig. 2  Optical absorption spectra of glass samples without and with 
PbSe introductions annealed at different temperatures; the insets are the 
second derivatives of the absorption spectra from samples G1 and G2
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distinct absorption peak near the wavelengths of 1,550 and 
2,250 nm, respectively, which are attributed to the first exci-
ton (1Sh–1Se) transitions in PbSe QDs for samples G1 and 
G2. Generally, the QD size will get larger with the increase 
of annealing temperature, and the quantum confinement 
effect will become weaker. As a result, the QD band-gap 
will get smaller, and the first exciton absorption peak will 
shift to a longer wavelength. Therefore, the wavelength of 
the first exciton absorption for sample G2, expectedly, is 
longer than that for sample G1. Also, we can see that the 
absorbance increases with the wavelength shorter than the 
first absorption peak, and this is because more energetic 
photons can excite electrons from populated regions of 
the valence band to numerous available states deep in the 
conduction band. For sample G3, no clear absorption peak 
occurs. As discussed above, one nominal PbSe QD in sam-
ple G3 is composed of several smaller QDs with different 
sizes, and the whole sample is actually deemed as con-
taining PbSe QDs with very wide size distribution, which 
accordingly leads to the missing absorption peak in this 
sample. In addition, all five samples possess the sudden-
drop “terrace” feature around the wavelength of 2,750 nm, 
and the feature position or amplitude has no obvious vari-
ation for the different samples. Thus, we assume that this 
feature may come from the base glass. In ref [36], Dantas 
et al. reported a similar feature near the energy of 1.5 eV 
in their studies on PbS QD-doped silicate glasses, but they 
ascribed this feature to surface states. In the short wave-
length regime around 1,050 nm (850 nm for sample G3), 
the absorbance for the incident light transmitting the glass 
samples G1–G3 exceeds 3. In view of the absorbance equa-
tion expressed by:

where A is the absorbance, I is the intensity of the light that 
have passed through the glass sample and I0 is the inten-
sity of the incident light. The intensity of the transmitted 
light only accounts for 1/1,000 of the incident light, indi-
cating that the PbSe QDs-doped glass samples are almost 
not transparent in the short wavelength around 1,050 nm 
(850 nm for sample G3). However, contrary to the annealed 
PbSe QDs-doped glasses, both the as-prepared glass sam-
ples with and without PbSe introductions are transparent 
and almost kept constant in absorbance in the measured 
incident light energy range except for the “terrace” feature. 
Therefore, it is believed that the light absorption originates 
from the generated PbSe QDs in glasses mostly, and the 
absorption from the base glass can be ignored instead.

In order to clearly identify the different optical transi-
tions and the corresponding transition energies, the second 
derivatives of the absorption spectra of samples G1 and G2 
are made, as shown in the insets of Fig. 2. The minimum in 

(1)A = log10

I0

I

the second derivative corresponds to the absorption peak in 
the optical absorption spectrum (note that the second deriv-
ative is plotted with minimum upwards) [17]. Three min-
ima, namely 1Sh–1Se, 1Sh–1Pe (or 1Ph–1Se) and 1Ph–1Pe 
transitions, can be distinguished for samples G1 and G2, 
respectively. According to the positions of the minima, the 
transition energies can be determined exactly. The 1Sh–1Se 
transition energy is generally known as the band-gaps of 
PbSe QDs, together with the size data of PbSe QDs deter-
mined by TEM results mentioned above, so we can get the 
relation of the band-gap energies of PbSe QDs versus QDs 
diameters, as shown in the scatter plot marked with aster-
isks in Fig. 3. As a comparison, the data from other groups 
are supplied in this scatter plot [5, 13, 16, 37–40]. A fitted 
regression line is derived based on the scatter plot, with an 
expression of:

Fig. 3  Band-gap energy of PbSe QDs versus QDs diameter

Fig. 4  Molar extinction coefficients of PbSe QDs as a function of 
incident photon energy
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where d (nm) is the mean diameter and E0 (eV) is the band-
gap energy of PbSe QDs. This expression can be used to 
determine the mean size of PbSe QDs if given the absorp-
tion spectrum. Therefore, with the above Eq. (2), the mean 
QD sizes in samples G1 and G2 can be determined as 5.2 
and 8.6 nm, respectively. For sample G3, no clear absorp-
tion peak from 1 to 1 s transition can be distinguished in 
its corresponding absorption spectrum due to the fact that 
this sample is actually composed of at least three kinds of 
PbSe QDs with different size distributions, as stated above. 
Therefore, the QD size in sample G3 cannot be determined 
by the Eq. (2). For discussions below, the QD sizes derived 
from Eq. (2) were adopted.

In view of the PbSe QDs concentrations in the samples 
and the thicknesses of the samples, the absorbance curves 
displayed in Fig. 2 can be transformed into the molar extinc-
tion coefficient curves shown in Fig. 4, using the relation:

where A is the absorbance as defined above, ε is the 
molar extinction coefficient, c is the molar concentration 
of PbSe QDs and x is the sample thickness. Not surpris-
ingly, the molar extinction coefficients are in an order of 
G1 < G2 < G3 because the grain sizes in sample increase 
in the order of G1, G2 and G3. In order to avoid the need 
to calibrate the absorbance for samples with markedly dif-
ferent size dispersions, an energy-integrated molar extinc-
tion coefficient for the first exciton transition, εgap,eV, is 
calculated with the method Moreels et al. [13] addressed, 
which are 1.37 cm−1 meV μM−1 for sample G1 and 
0.59 cm−1 meV μM−1 for sample G2. From εgap,eV, the 
energy-integrated absorption coefficient is derived accord-
ing to the equation [13, 20]:

where NA is the Avogadro’s constant. Then, the μgap is cal-
culated to be ~7.1 × 104 cm−1 meV for sample G1 and 
~6.8 × 103 cm−1 meV for sample G2. These values are 
only about 1/10 of those from colloidal PbSe QDs previ-
ously reported [13], which suggests that the PbSe QDs in 
glass matrices possess weaker light absorption capacity at 
near-band-edge wavelengths than QDs in solutions presum-
ably due to the much more surface defect states in former 
than in later case. In quantum mechanics, a nomenclature, 
oscillator strength, is usually used as a measure of the rela-
tive strength of the electronic transitions within atomic 
or molecular systems. Based on the μgap, the oscillator 
strength per particle fif of the first optical transition can be 
calculated with the expression of [13]:

(2)E0 = 0.278 +
1

0.02888d2 + 0.0872d + 0.64255

(3)A = εcx

(4)µgap =
6

πd3

ln(10)εgap,eV

NA

here, ε0 is the electric constant, me is the electron mass, e 
is the electron charge and fLF denotes the local field factor 
with the expression of:

where m3 is the refractive index for glass matrix, which is 
calculated to be 1.522; n1 and k1 are refractive index and 
extinction coefficient, respectively, for bulk PbSe, which 
are incident light wavelength dependent. For sample G1, 
taking n1 − k1i = 4.64 − 0.95i, we can get fif = 1.08; 
whereas for sample G2, we take n1 − k1i = 4.59 − 0.74i 
[41], and then, we can get fif = 0.44. The calculation results 
are smaller than 8–25 in previous reports possibly due to 
the existence of substantial surface defects [13]. Also, note 
that the oscillator strength from sample G1 is larger than 
that from sample G2. This is because the mean size of 
PbSe QDs in sample G1 is smaller than that in sample G2, 
and the overlap between electron and hole wave functions 
would increase with a decrease in particle size, thus leading 
to the increase of the oscillator strength [18].

For optical transitions far from any strong resonances 
and far from the band edge where the QD density of states 
may be approximated as a continuum; that is, at high 
photon energy, the absorption behavior of QDs becomes 
featureless and are essentially unaffected by quantum 
confinement. According to the previous reports on InAs, 
CdSe and PbSe QDs, the molar extinction coefficient at 
high photon energy is proportional to the QD content in 
matrix, while irrelevant to the QD size [13, 21, 22].There-
fore, the absorption spectrum of PbSe QD at high photon 
energy may be used as a measure of the content of PbSe 
QD in glass matrix. In Fig. 4, the molar extinction coef-
ficient from sample G3 is a good choice for measuring 
the content of PbSe QDs because it has no apparent first 
excitonic transition energy, and the absorption behavior 
of PbSe QD at high photon energy is hardly affected by 
quantum confinement. The molar extinction coefficient ε 
is converted to a per particle absorption cross section Cth 
using:

we can then get Cth = 5.853 × 10−13 cm2 at the photon 
energy of 1.5 eV. The absorption coefficient is obtained 
according to the expression:

(5)fif =
4ε0m3cme

eh

1

|fLF|2

πd3

6
µgap

(6)|fLF|2 =
9m4

3
(

n2
1 − k2

1 + 2m2
3

)2
+ 4(n1k1)

2

(7)Cth =
2303ε�

NA

(8)
µth =

Cth

1
6
πd3
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accordingly, the result is μth = 8.086 × 104 cm−1. How-
ever, according to the theoretical equation Ricard et al. 
derived with an expression of [14]:

where λ is the wavelength of the incident photon. Taking 
n1 − k1i = 4.64 − 2.64i [41], the theoretical calculation 
result is μth = 6.098 × 104 cm−1 at the photon energy of 
1.5 eV, in roughly agreement with the experimental result, 
which indicates again that high energy photon transitions 
between states are essentially unaffected by quantum con-
finement, and the QD absorption is equivalent to that of 
bulk materials regardless of the organic solvent or inor-
ganic glass medium surrounding QDs [21, 22].

Figure 5 displays the absorption and PL spectrum of 
samples G1, G2 and G3, respectively, and the red traces are 
fitted curves with a Gaussian profile, which corresponds to 
the respective PL spectra of samples G1 and G2. As for the 
PL spectra, it can be seen that clear emissive peaks arise 
in samples G1 and G2; while in sample G3, the PL peak 
looks weak and diffused, and it seems that this emissive 
peak is made up of several peaks, which is consistent with 
the above TEM and absorption spectra results. Comparing 
the fitted Gaussian curves and the measured PL spectra, we 
can see more clearly that the right sides of the PL peaks 
from samples G1 and G2 look relatively steep, while the 
left sides are gentle, that is, the PL is quenched at short 
wavelengths and enhanced at long wavelengths. This can 
be ascribed to the Forster energy transfer mechanism. 
Suppose that the smaller PbSe QDs in sample act as PL 
“donor” and the larger QDs as PL “acceptor,” the emission 
from the smaller QDs can be reabsorbed by the larger QDs. 
Therefore, the seeming PL intensity from smaller QDs, 
reflected in the left side of the PL peak, can be restrained. 
Clark et al. [19] gave an estimated Forster radius of ~80 Å 
for the PbS QDs and mentioned that a 50 % uncertainty 
in the estimation produces only a ~7 Å error in the For-
ster radius. In view of the similarity between the PbSe and 
PbS QDs, assuming that the Forster radius of PbSe QDs is 

(9)µth =
n1

m3

|fLF|2
4πk1

�

~80 Å cannot cause many errors. According to the above 
Fig. 1, the average distance between neighboring PbSe 
QDs is definitely within ~80 Å. Therefore, it is credible 
that the Forster energy transfer is responsible for the shape 
of the PL peak. It is mentioned that the sharp peak around 
0.59 eV, superimposed in the PL peak, originates from the 
second order of diffraction because of an excitation laser 
wavelength of 1,064 nm.

Comparing the absorption spectrum with its correspond-
ing PL spectrum, we found that the Stokes shifts between 
PL and absorption peaks are about 70 and −7 meV for 
sample G1 and G2, respectively. Generally, in case of semi-
conductor QDs, the magnitude of Stokes shift decreases 
with the increase of QD size and disappears beyond a cer-
tain radius [42–45]. Therefore, reasonably, the PL band is 
red-shifted with respect to the absorption-edge by a pro-
nounced value of 70 meV for PbSe QDs in a small radius 
of 5.2 nm. PbSe has a unique electronic structure, whereby 
both the valance band maximum (VBM) and the conduc-
tion band minimum (CBM) are L-like states. The shift is 
a result of a split of the exciton manifold by the L-valley 
mixing and by the electron–hole exchange interaction, 
which further splits into dark and bright states. The split-
ting increases with decreasing size. In addition, in very 
small PbSe quantum dots, ionic relaxation upon photoex-
citation can lead to large Franck–Condon shifts, which may 
also contribute to the experimentally observed Stokes shift 
[44, 46, 47]. Stokes shift is usually known as 2SħωLO [48], 
where S is the Huang–Rhys factor, that is roughly being a 
measure of the strength of the exciton–phonon coupling, 
ħωLO is the energy of longitudinal optical (LO) phonon, 
which is 16.7 meV for PbSe [49]. Then, the S factor is cal-
culated to be 2.1, which suggests that a mean number of 
2.1 phonons emit during the relaxation processes after exci-
tation following the absorption of a photon and a vertical 
optical transition [50]. However, an anti-Stokes photolumi-
nescence (ASPL) with a blue-shift of 7 meV emerges for 
sample G2 with the PbSe QD size increasing up to 8.6 nm. 
The mechanism for ASPL can be attributed to two-pho-
ton absorption, thermal activation by Auger transition or 

Fig. 5  PL and absorption spec-
tra of samples G1, G2 and G3
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absorption of phonons [51, 52]. The large magnitude varia-
tion of Stokes shift was also reported previously by Lifshitz 
et al. [24].

4  Conclusions

Contrary to studies on colloidal QDs, few studies were 
related to QDs in glasses. In this paper, we reported synthe-
ses of PbSe QDs in silicate glasses by a simple melt-anneal-
ing technique, and the glass samples were characterized 
with different characterization techniques such as TEM, 
absorption and PL spectra methods. TEM results demon-
strate the formation of PbSe QDs in glasses; furthermore, 
it shows that the increased heat-treatment temperature not 
only promotes the growth of PbSe QDs, but also promotes 
the generated smaller PbSe QDs to coalesce into bigger 
ones, which leads to the decrease of QD density in host 
glass. Then, the absorption and PL studies on PbSe QDs 
in glasses were investigated qualitatively and quantitatively. 
The light absorption spectra show that the light absorp-
tion originates from the PbSe QDs in glasses mostly. The 
energy-integrated absorption coefficient for the first exciton 
transition, μgap, is calculated to be ~7.1 × 104 cm−1 meV 
for sample G1 and ~6.8 × 103 cm−1 meV for sample G2, 
which are only about 1/10 of those from colloidal PbSe 
QDs previously reported, presumably due to the much 
more surface defect states in embedded PbSe QDs than in 
colloidal PbSe QDs. The oscillator strength per particle fif 
of the first optical transition was calculated to be 1.08 for 
sample G1 and 0.44 for sample G2, smaller than 8–25 in 
previous reports possibly due to the existence of substan-
tial surface defects. The PL studies show that the Forster 
energy transfer is responsible for the shape of the PL peak. 
Also, the Stokes shift of the PL peak with respect to the 
absorption-edge was studied; for sample G1, a pronounced 
shift of 70 meV was observed; while for sample G2, an 
ASPL of −7 meV was observed. In summary, the silicate 
glasses containing PbSe QDs have great practical applica-
tions in infrared optoelectronic devices.
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