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ABSTRACT

Silicate glasses with different Nd
2
O

3
 concentrations were prepared through conventional melt-quenching methods while PbS

quantum dots (QDs) were precipitated through heat treatment. The peak wavelengths of absorption and the photoluminescence

of PbS QDs shifted to the short-wavelength side as the concentration of Nd
2
O

3
 increased. The electron energy loss spectroscopy

(EELS) indicated that Nd3+ ions were preferentially distributed inside the PbS QDs instead of the glass matrix. In addition, there

was no significant change in the lifetimes of the Nd3+ :4F
3/2

 fluorescence between the as-prepared glass (607 µs) and the heat-

treated glass(576 µs). Nd3+ ions were surrounded by oxygen instead of sulfur and the Nd-O clusters probably acted  as nucleat-

ing centers for the formation of PbS QDs inside the glasses.
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1. Introduction

aser light source in infrared range is being applied to a

variety of areas including not only industry but also

logistics, medical treatment areas, etc.1) In the military area,

for example, it is applied to remote explosive detection, heat

tracking. In addition, it is also used for analysis of atmo-

spheric gases (CO
2
, O

3
, ammonia, methane gas, etc.) in the

environmental area.2,3)  Light source in mid infrared range

used across an especially wide range is obtained through

semiconductor laser such as AlGaAsSb, InGaAsSb, InAs/

(In)GaSb and rare-earths doped solid laser.3,4) However, in

the case of antimonide-based laser, it should be used only at

low temperatures due to the characteristics of the semicon-

ductor material and manufacturing of high-quality single

crystal materials is difficult. Therefore, the development of

alternative materials for mid-infrared emission is neces-

sary. 

Since lead chalcogenide quantum dot has lower band gap

energies of 0.41eV for PbS and 0.28eV for PbSe compared

with other QDs, photoluminescence wavelength band can

be expanded to mid infrared region.5)  In addition, because

Bohr radius is 8nm for the PbS QDs and 46nm for the PbSe

QDs, being larger than other QDs, photoluminescence

across a wide band using quantum confinement effects is

possible, it has good characteristics as an optical amplifica-

tion materials and an optical conversion materials 5)

To obtain desired optical characteristics by quantum con-

finement effects of the QDs, the control of QDs sizes is very

important and QDs should be embedded in a stable glass

matrix. Normally, the control of heat-treatment tempera-

ture and duration was used, but controlling of the QDs size

exactly is very difficult because slight change in the tem-

perature leads to uncontrolled size and broad distribution of

QDs.6,7) While the methods using silver nanoparticles or

femtosecond laser were used for solving these problems,

limitations have been still revealed in controlling size distri-

butions.8,9) Furthermore, when femtosecond laser was

applied on the precipitation of QDs, the glass surface was

damaged. 8)

Recently, it was reported that Er3+ ions among rare-earth

ions have been applied to precipitation of PbS QDs, and

additionally, La3+ and Ho3+ ions also used for formation of

QDs.10,11) Er3+ ions were added up to 0.8 mol% and the

absorption peak shifted from 1310nm to 944 nm toward a

short wavelength side as the concentration was increased

from 0.0 to 0.8 mol%. Cases were also published by the pres-

ent study group where an absorption peak moved from

1300 nm (La
2
O

3
= 0.0 mol%) to 1092 nm (La

2
O

3
= 0.8 mol%)

in the case of La3+ ions, as well as where photoluminescence

was obtained at about 1220 nm (Nd
2
O

3
= 0.6 mol%) by using

Nd3+ ions.11,12) Although the study results enabling control of

sizes by adding rare-earth elements in this way have been

published, all of them have a limitation that their photolu-

minescence range is near-infrared.

 Therefore, the objective of the present work was to obtain
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near infrared emission with wavelengths of greater than

1.5 μm through the control of QDs size based on the previ-

ous results. Glasses where the concentrations of rare-earth

elements and heat treatment conditions were controlled in

diversified ways have been prepared, and absorption as well

as photoluminescence measured. In addition, analysis of

HRTEM (High Resolution Transmission Electron Micros-

copy) has been conducted to investigate mechanisms

wherein the size of quantum dots is controlled by rare-earth

elements. 

2. Experimental Procedure

Glass used as a matrix is based on Silicate with a good

chemical stability having a composition of 50SiO
2
- 5Al

2
O

3
-

25NaO - 10BaO - 8ZnO - 2ZnS (mol%), to which 0.8PbO and

0.0/0.2/0.4/0.6 Nd
2
O

3,
, respectively, have also been added.

ZnS and PbO have been added as a source for S and Pb to

precipitate PbS QDs. Each sample had a purity higher than

99.99%, was weighed for a total of approximately 30 g, and

mixed for 10 hours, followed by melting at 1340oC for 30

min. Melts were quenched by being poured into a bronze

mold and subsequently heated at 400oC for 1 h for relax-

ation of internal stresses. As-prepared glasses were heat

treated at 500oC for 15, 25 and 30 h, respectively, to form

QDs after being cut into 1 cm × 1 cm size. Heat-treated

glass specimens were ground by sandpaper and 1.0 μm dia-

mond suspension to be prepared into 1 - 3 mm thickness.

For absorption characteristics of glasses, absorbance of

the specimens was measured per wavelength after inci-

dence of the light in UV-visible-NIR range by using UV/Vis/

NIR spectrophotometer (Lambda 750S; Perkin Elmer, Shel-

ton,CT). Measurement of photoluminescence was conducted

by using monochromator (CS-260; Oriel, Rochester, NY)

and InSb detector for photoluminescence generated after

irradiating the specimens with the light source having a

wavelength of 800 nm produced by Ti:sapphire laser. By

using Cs-corrected high-resolution microscope (HR-(S)TEM,

JEM-2200FS; JEOL, Kyoto, Japan), (HR)TEM image and

electron energy loss spectroscopy (EELS) analyses were con-

ducted and the specimens were prepared by using Dimple

grinding and section side carbon coating.

3. Results and Discussion

According to the results of absorption spectra of the

glasses with Nd
2
O

3
 addition after heat-treatment at 500oC

for 30 h, the central wavelength of peak moved to shorter

wavelength side from 1566 nm to 1398 nm with increasing

Nd
2
O

3
 contents from 0.0 to 0.6 mol%. (Fig. 1.) This is show-

ing the same tendency as when other rare-earth elements

(Er3+, Tm3+, etc.) were added.10,11)

The center wavelength of peaks in the PL spectra also

moved to shorter wavelengths as the Nd
2
O

3
 concentration is

increased. (Fig. 2) For the glasses heat-treated at 500°C for

15 h, the PL peak shifts from 1652 nm at Nd
2
O

3
=0.0 mol%

to 1476 nm at Nd
2
O

3
= 0.6 mol%. These blue shifts in the

absorption and PL spectra suggest that the QD sizes

decreased as the concentration of Nd
2
O

3
 is increased even

under identical heat-treatment conditions. In view that it

was shifted to a longer wavelength by about 250 nm as com-

pared with the results for heat treatment at 500oC for 15 h

of the glass with the same composition, the increase in the

size of QDs is considered to be attributable to an increase of

heat treatment duration in the present study. 12)

Based on the wavelength of absorption peak as above the

size of QDs was calculated by using the equation (1).13)

 (1)

where E
g
(D) corresponds to the band gap of the QDs and

E
g
(∞) is the band gap energy for bulk lead chalcogenide,

being 0.41eV in the case of PbS. Also, d is a diameter of the

QDs formed in the glass. By using the above equation, a

diameter of the QDs in the glass heat-treated at 500oC for

30 h was calculated. Consequently, the diameter was

decreased from approximately 6.0nm with Nd3+-free glasses

Eg D( ) Eg ∞( )
1

0.0252d
2

0.283d+
-----------------------------------------------+=

Fig. 1. Normalized absorption spectra of the glasses with
different Nd

2
O

3
concentration(0.0 - 0.6 mol%) heat treated

at 500oC 30 h.

Fig. 2. Normalized photoluminescence spectra of PbS QDs
formed in the glasses with an additional xNd

2
O

3 
(x =

0.0 - 0.6 mol%) heat-treated at 500°C for 30 h.
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to 5.1 nm in the case of Nd
2
O

3
 concentration being increased

to 0.6 mol%.(Table 1) Likewise, the results from heat treat-

ment for 15 h and 25 h also showed a similar tendency

where the size of QDs decreased with an increase in the con-

centration of rare-earth elements, which agree with the pre-

vious research.10,11)

To analyze the roles of rare-earth ions in glasses and the

local environment, the lifetime of the Nd3+ : 4F
3/2

 fluores-

cence was measured, and TEM analysis conducted. No

great changes were observed in the lifetime of the Nd3+ : 4F
3/

2
 fluorescence before (604 μs) and after (576 μs) the forma-

tion of PbS QDs. (Fig. 3.) There are previous results where

the lifetime of the Nd3+ : 4F
3/2

 fluorescence is 250 - 800 μs

when the Nd
2
O

3
 added in oxide glasses and less than 150 μs

in the case of being distributed in sulfide glasses. When

compared with the present results, the local environment of

Nd3+ ions is evaluated to be closer to that of oxygen.14,15) 

In addition, in view of the agreement of this result with

the previous works that Er3+ ions in glass will form clusters

with oxygen, it can be expected that Nd3+ ions will also form

clusters with oxygen in the glasses. Also, as shown in Fig. 4,

a large amount of Nd3+ ions can be seem to be distributed

within PbS QDs as compared with a glass matrix according

to the EELS analysis result for the glass with addition of 0.1

mol% of Nd
2
O

3
. When the combined results of the present

work are considered, it is predicted that the rare-earth ions

exist as RE-O clusters in the glass and QDs are formed

around such clusters.

4. Conclusion

PbS QDs in silicate glasses with different Nd
2
O

3
 concen-

tration were precipitated. Nd
2
O

3
 of  0.0/0.2/0.4/0.6 mol% was

added to a glass matrix, and the as-prepared glasses were

heat-treated at 500oC for 30 h. when the duration increased,

the wavelength of photoluminescence peak was shifted to a

longer wavelength side by about 250 nm. In addition, as the

Nd
2
O

3
 concentration increased from 0.0 mol% to 0.6 mol%,

the central wavelength of peak was shifted from 1652nm to

1472nm. Through the above result, it has been discovered

that the size of QDs can be controlled by controlling the

concentration of Nd3+ ions. There is no great change

between before formation of quantum dots (607 μs) and

after (576 μs) according to the lifetime of the Nd3+ : 4F
3/2

 fluo-

rescence, which is due to the fact that the local environment

of Nd3+ ions are maintained by oxygen instead of sulfur

before and after heat treatment. According to the EELS

analysis results, Nd3+ ions after formation of PbS QDs have

been found to be distributed by being concentrated within

Table 1. Peak Wavelengths of Absorption Bands and the Corresponding Mean Diameter Scalculated for the PbS QDs in Glasses
with Different Nd

2
O

3
 Concentrations. All Glasses Wereheat-treated at 500°C for Various Duration

Heat treatment 500oC/15 h* 500oC/25 h 500oC/30 h

Nd
2
O

3
 (mol%) Absorption Diameter (nm) Absorption Diameter (nm) Absorption Diameter (nm)

0.0 1255 4.4 1398 5.1 1566 6.0

0.2 1243 4.3 1398 5.1 1440 5.3

0.4 1155 4.0 1299 4.6 1416 5.2

0.6 1109 3.7 1272 4.5 1398 5.1

*From ref. 12.

Fig. 3. Decay curves of the Nd:4F
3/2

 level recorded from as-
prepared glass and the glassheat-treated at 500°C
for 30 h.

Fig. 4. Electron energy loss spectroscopy analysis of glass
containing 0.1 mol% Nd3+ ions.glass heat-treated at
500°C for 30 h and subsequentlyat 590oC for 30 h.
The results show the mapping of Neodymium and
other elements.
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the PbS QDs, based on which PbS QDs can be understood to

be formed around Nd-O clusters as a nucleating center.
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