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a b s t r a c t

This paper presents the optical characterization of Nd3þ ions in nanostructured SiO2–Na2CO3–Al2O3–B2O3

(SNAB) CdS glass, synthesized by fusion. Radiative properties of the glass were determined by absorption,

luminescence spectroscopy and lifetime measurements. Nd3þ emission enhancement and quenching were

investigated in the presence of CdS nanocrystals. Nd3þ-emission quenching was attributed to upconversion

mechanisms and nonradiative processes such as multiphonon decay and energy transfer, while the

Nd3þ-emission enhancement was due to energy transfer from the CdS nanocrystals. Changes in the

chemical environment around CdS nanocrystals were also confirmed by Judd–Ofelt calculations.

& 2011 Elsevier B.V. All rights reserved.

1. Introduction

Glass systems codoped with rare earth (RE) ions and semi-
conductor nanocrystals (NCs) have attracted great research inter-
est because of their applications in optical systems [1–3]. The
influence of semiconductor NCs on the radiative properties of RE
ions has been demonstrated, particularly with Eu3þ , Tb3þ , Er3þ ,
Pr3þ and Nd3þ [4–6].

The importance of the research relates to the possibility of energy
transfer from semiconductor nanocrystals (NCs) to rare earth ions,
which may result in enhancement of the rare earth luminescence. The
effect is due to the higher absorption cross-section of semiconductor
NCs when compared to those of rare earth ions [7]. Particularly, the
absorption band of CdS NCs can be tuned according to CdS NCs
dimensions. It means that resonance with Nd3þ bands can be
achieved, increasing the probability of energy transfer to Nd3þ . As
the absorption bands of CdS NCs are broader than the ones of Nd3þ , it
ensures a better match in wavelength of the pump sources (usually
diode lasers) for the achievement of opto-electronic devices, such as
laser active media [8,9], optical amplifiers [10], microchips [11] and
planar waveguides due to their emission in the near infrared range at
1060 nm [3,12,13].

SNAB glass was chosen as host to CdS because it is suitable for the
growth of high quality CdS and due to its transparency to the UV
through near-IR, where energy transfer processes take place and the
most important Nd3þ absorption and emission bands occur. SNAB

host has been previously investigated. Ref. [6] exposes the energy
transfer process from CdS NCs to Nd3þ ions in the present samples.
Moreover, a study of the thermal properties was performed and
revealed that CdS nanoparticles reduce the thermal diffusivity of the
samples [14].

Nevertheless there is a lack of data from analysis, based on the
Judd–Ofelt Theory, regarding the spectroscopic properties of RE
ions embedded in glass systems codoped with semiconductor NCs
[15–20]. It is well known that this type of analysis produces the so
called Judd–Ofelt parameters Ol (l¼2, 4, 6), which can be used to
find spontaneous emission probability, branching probability
(branching ratio), emission cross-section, radiative lifetime and
effective linewidth. These parameters can also be used to
predetermine if an RE ion host material is suitable for optical
device applications [15,21–24].

The main objective of this research was to evaluate the
spectroscopic fluorescence parameters of Nd3þ ions embedded
in a SiO2–Na2O–Al2O3–B2O3 glass system in the presence of CdS
NCs, as a function of thermal annealing time. Electronic dipole
transitions are permitted due to the mixture of opposite parity
wave-functions in the 4fN configuration of rare earth ions.

According to the Judd–Ofelt Theory, electric dipole oscillator
strength, between initial 9fn

½aSL�JS and final states 9fn
½a0S0L0�J0S, is

given by

fED
ðJ,J0Þ ¼

8p2mc

3h

1=l
ð2Jþ1Þ

w
X

l ¼ 2,4,6

Ol fn
½aSL�J

� �� UðlÞ
���

��� fn
½a0S0L0�Jfn

½a0S0L0�J0
�� ����

���2,

ð1Þ

where m is the electron mass, c the speed of light, 1/l is the wave
number, h the Planck constant, J the angular moment of the initial
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state 9fn
½aSL�JS, w¼ ðn2þ2Þ2=9n the central field correction factor,

n the refractive index of the wave number e, Ol the Judd–Ofelt
intensity parameter and fn

½aSL�J
� �� UðlÞ

�� �� fn
½a0S0L0�J0

�� ��� ��2 represents
the reduced matrix elements of the tensor operator. It is impor-
tant to mention that quadrupole oscillator strength is not con-
sidered since its contribution is negligible [25].

The Judd–Ofelt intensity parameters, Ol (l¼2,4 and 6), are
calculated from experimental oscillator strength using the follow-
ing expression

fexp
ðlÞ ¼

mc

pe2N

Z
aðlÞdl ð2Þ

where N is RE ion concentration per unit volume (ions/cm3) and
a lð Þ is the absorption coefficient at wavelength l. When magnetic
dipole transitions (fMD) are present, experimental oscillator
strength (fexp) can be expressed as fexp

¼ fED
þ fMD.

Radiative transition rates (A) can be obtained from the expression

AðJ,J0Þ ¼
64p4e2

3hð2Jþ1Þl3
w
X

l ¼ 2,4,6

Ol fn
½aSL�J

� �� UðlÞ
���

��� fn
½a0S0L0�J0

�� ����
���2 ð3Þ

The emission branching ratio (b) for transitions originating
from the initial manifold (in this case the 4F3/2 level) can be
calculated from the radiative transition probabilities A J,J0ð Þ using
the equation [26]

b 4F3=2-
4IJ0

� �
¼

A 4F3=2-
4IJ0

� �
P

J0A
4F3=2-

4IJ0 Þ

� ð4Þ

where the summation includes each J0 (J0 ¼9/2, 11/2, 13/2 and 15/2).
To compare theoretical data obtained from Eq. (4) with experi-

mental data, the ratio of the integral of an emission band,
R

IðlÞdl,
to the sum of the integrals of all emission bands,

PR
IðlÞdl, is

calculated. This results in the experimental emission branching
ratio represented by

bexp ¼

R
IðlÞdlPR

IðlÞdl
ð5Þ

The stimulated emission cross-section for the 4F3/2-
4IJ0

transition is obtained from [22]

sem
4F3=2-

4IJ0

� �
¼

l4
p

8pcnDleff
A 4F3=2-

4IJ0 Þ,
�

ð6Þ

where lp is the peak emission wavelength, c the speed of light in
vacuum, n the refractive index at each peak emission wavelength
and Dleff is the effective linewidth, given by [26]

Dleff ¼

R
IðlÞdl
Imax

, ð7Þ

where Imax is the maximum intensity at fluorescence emission
peaks and I(l) is the experimental fluorescence line shape.

Nanoparticle size can be estimated using a simple confinement
model based on effective mass approximation [27]. In this case,
the energy of the lowest exciton state in NCs of radius R smaller
than the exciton Bohr radius aB can be estimated by

Econf ðRÞ ¼ Egþ
_2p2

2mR2
�1:8

e2

eR , ð8Þ

where Eg is the material (bulk) energy gap, m is the reduced
effective mass, e is the elementary charge and e is the dielectric
constant. Eq. (8) can be used to estimate the average size of CdS
nanocrystals. For CdS, the following parameters were used:
Eg¼2.58 eV, m¼0.154mo (where mo is the mass of a free electron)
and e¼5.7 [27,28].

2. Experimental details

A SNAB glass matrix with nominal composition 40SiO2–
30Na2CO3–1Al2O3–29B2O3 (mol%) was synthesized by the fusion
method both undoped and doped with Nd3þ ions and bulk CdS. The
molar composition of the codoped SNAB glasses is 39.527 SiO2 .
29.645 Na2CO3 . 0.988 Al2O3 . 28.657 B2O3þ0.73 CdS(bulk)þ0.452
Nd2O3 (mol%), or SNABþ2[CdS (bulk)þNd2O3] (wt%), considering
the composition in wt%. These samples were synthesized in porce-
lain crucibles in a carbon rich atmosphere at 1300 1C for 15 min.
Afterwards, the melt was rapidly cooled. In order to reduce non-
homogeneities, the melt was manually rotated at least three times
inside the crucible. This procedure has been seen to be efficient
since the homogeneity of the samples, tested by absorption mea-
surements at different points of the samples, show the same optical
density. Then, samples of the doped SNAB glass matrix were heated
at 560 1C for 0, 2, 4, 6, 8 and 10 h to induce nucleation and growth of
CdS NCs by diffusion of Cd2þ and S2� ions resulting from the fusion
of bulk CdS.

Optical absorption spectra (OA) were obtained using a
Shimadzu UV-3600 spectrophotometer. Photoluminescence spec-
tra (PL) were obtained using a He–Cd (lex¼325 nm) laser and a
photomultiplier operating in the range 350–900 nm. Lifetimes of
the 4F3/2 state of the Nd3þ ion were obtained through lumines-
cence decay of the Time Resolved PL (TRPL) spectra (4F3/2-

4I9/2)
using a He–Cd (lex¼325 nm) laser. All measurements were
performed at room temperature.

The atomic force microscopy (AFM) images were obtained
using a Multimode Nanoscope IIIa (Digital Instruments—Veeco).
All AFM images were obtained at room temperature under
ambient conditions.

3. Results and discussion

Fig. 1 shows the DTA thermogram of SNAB glass. It exhibited a
vitreous transition temperature at about 529 1C and crystalliza-
tion temperature not well defined at around 600 1C, which
indicates that SNAB glass presents high stability against crystal-
lization. It can be concluded that SNAB is thermally stable at room
temperature, suggesting that it could present high mechanical
resistance required for laser hosts.

Fig. 2 displays atomic force microscopy image for SNABþ2[CdS
(bulk)þNd2O3] (wt%) sample heated at 560 1C for 10 h. The image
clearly shows the nanostructured nature of these SNAB systems. The
histogram indicates the formation of nanocrystals (CdS dots) with
mean size about 4.7 nm, as well as particles of approximately 7 nm.
These larger particles are expected to demonstrate bulk-like
behavior. Larger nanosized particles, averaging 50–100 nm can also
be seen in the AFM image.

Fig. 3a shows the OA spectra of CdS dots grown in the doped
SNAB matrices, heated at 560 1C for increasing annealing times. Two
OA bands can be observed: one is sensitive to thermal treatments
and displays redshift and the other remains unchanged at about
480 nm (bulk gap energy Eg(CdS)¼2.58 eV). The OA band with
redshift displays quantum confinement properties and is associated
with the NC emission. The line shapes and intensities of Nd3þ ion
OA bands remain constant and unaffected by thermal treatment.
These results provide further evidence that the doping ions were not
incorporated into CdS NCs during growth. Finally, transition prob-
abilities of Nd3þ ions change when a hosting medium transforms
from amorphous to crystalline [29,30]. In this case, there is a
decrease in band intensity at 580 nm and the Stark structure of
the bands at 740, 810 and 880 nm was modified due to crystal field
influence [31]. The findings of this study indicate that Nd3þ ions
remained immersed in the SNAB matrix during thermal treatment.
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Fig. 3b shows PL of the samples. The broad emission in the range
500–900 nm originates from the CdS NCs, and it is dependent on the
size of NCs, size dispersion and heat treatment time. It can be noted
that there is a shift to higher wavelengths as the time of heat
treatment increases, indicating the average size of NCs increased [6].
In addition, no redshift is detected in the peak absorption energies of
Nd3þ ions and the emission band valleys of CdS NCs. Instead, they
remain centered exactly in the absorption positions of the Nd3þ

ions. Therefore, these results provide evidence of efficient energy
transfer from NCs to neodymium embedded in the SNAB matrix,
as previously investigated in Ref. [6]. It was shown that the

luminescence of CdS NC strongly overlaps the Nd3þ electronic
transitions labeled 4I9/2-

2G7/2, 4I9/2-
4G5/2, 4I9/2-

4F9/2, 4I9/2-
4F7/2þ

4S3/2, 4I9/2-
4F5/2þ

2H9/2 and 4I9/2-
4F3/2. Consequently, the

emission bands presented valleys that were centered exactly at the
Nd3þ absorption peaks. Such an effect was attributed to energy
transfer from CdS NCs to doping ions. Moreover, the increase in
average nanocrystal size leads to an increasing overlap between the
luminescence resonances and the 4F3/2 Nd3þ energy states.

Fig. 4a shows the Judd–Ofelt intensity parameters and the
spectroscopic quality parameter w (w¼O4/O6) for the Nd3þ ions in
the SNABþ2[CdS (bulk)þNd2O3] (wt%) samples heated at 560 1C
for 0, 2, 4, 6, 8 and 10 h. It can be seen that O2 decreases with
treatment time indicating that CdS NC growth increased symme-
try around Nd3þ ions. In this study, O2 decreased slightly with
thermal treatment time. In other words, the ligand field around
the Nd3þ became more symmetric with time [32,33]. The JO O4

parameter is related to the long range covalency effects of the
network [34–36]. This parameter increased as a function of
treatment time, indicating the increase of long range effects
[34,35]. The value of the O6 parameter, in turn, is proportional
to the rigidity of the host [37]. The literature shows that NdF3

samples demonstrate increased glass rigidity in glass-ceramics,
indicating improved mechanical properties [37]. In this study, O6

values were constant for the SNABþ2[CdS (bulk)þNd2O3] (wt%)
samples heated at 560 1C for 0, 2, 4, 6, 8 and 10 h indicating
constant rigidity. The spectroscopic quality parameter w is shown
in Fig. 4b. This parameter increased steadily from 1.6 to 2.3, which
indicates that the heat treatment elevated the spectroscopic
quality of the SNABþ2[CdS (bulk)þNd2O3] (wt%) samples when

Fig. 1. DTA thermogram of the SNAB host. Vitreous transition temperature is

529 1C and crystallization temperature, not well defined, around 600 1C.

Fig. 2. Atomic force microscopy of the SNABþ2[CdS (bulk)þNd2O3] (wt%) sample

heated at 560 1C for 10 h.

Fig. 3. (a) OA spectra and (b) PL of the SNABþ2[CdS (bulk)þNd2O3] (wt%)

samples heated at 560 1C for 0, 2, 4, 6, 8 and 10 h.
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heated at 560 1C for 0, 2, 4, 6, 8 and 10 h. It is important to stress
that emission intensity from the 4F3/2 level can be completely
characterized by the ratio of the intensity parameters O4 and O6.
In the case of Nd3þ , this is due to the zero value of the reduced
matrix elements o4F3/299U

2994IJ 4 . According to the literature, if
w is higher than unity, the intensity of the 4F3/2-

4I9/2 transition
will be stronger than that of the 4F3/2-

4I11/2 transition. For
comparison purposes the w values of the present glasses are
similar to the ones of Nd3þ doped glasses [38,39], suggesting the
possibility of laser emission from the 4F3/2-

4I9/2 transition at
1.33 mm.

Higher values of O4 with increasing treatment time suggest
potential increases in the long range effects (e.g. increased
packing density) of the nanostructured SNAB glass [34,35]. This
fact affirms that more Nd cations dissolve in the glass matrix and
the distance between adjacent Nd3þ cations diminishes. This
probably increases the repulsive force between neighboring Nd
cations and therefore increases O4. This again reinforces the view
that the Nd3þ ions were embedded in the glass matrix and not
incorporated in CdS NCs.

Fig. 5 shows the 1/O6 parameter of the Nd3þ ions in the
SNABþ2[CdS (bulk)þNd2O3] (wt%) samples heated at 560 1C for
0, 2, 4, 6, 8 and 10 h. It can be seen that 1/O6 decreases with
treatment time. Because of this, it is evident that heat treatment
helped increase symmetry and reduce amorphization of the
sample. In principle, high asymmetry in the ligand field increases
O2 and high covalency reduces O6 [32,33]. Therefore, this result
suggests that the Nd–O bond became less ionic as heat treatment
time increased.

Fig. 6 shows the (a) theoretical and (b) trial branching ratios of
the 4F3/2-

4I9/2, 11/2, 13/2, transitions of the Nd3þ ions in the

SNABþ2[CdS (bulk)þNd2O3] (wt%) samples heated at 560 1C for
0, 2, 4, 6, 8 and 10 h. It can be seen that the calculations based on
Eq. (4) are good approximations of those obtained from the areas
under the emission bands in the luminescent emission spectra
(Eq. (5)).

Fig. 7a shows the radiative and luminescence lifetime of the
4F3/2 state of Nd3þ ions in the SNABþ2[CdS (bulk)þNd2O3] (wt%)
samples heated at 560 1C for 0, 2, 4, 6, 8 and 10 h. It can be seen
that the luminescence lifetime is much less than radiative

Fig. 4. (a) JO intensity parameters (Ol) and (b) spectroscopic quality parameter

(w¼O4/O6) of Nd3þ ions in the SNABþ2[CdS (bulk)þNd2O3] (wt%) samples

heated at 560 1C for 0, 2, 4, 6, 8 and 10 h.

Fig. 5. Inverse of O6 for the Nd3þ ions in the SNABþ2[CdS (bulk)þNd2O3] (wt%)

matrix heated at 560 1C for 0, 2, 4, 6, 8 and 10 h.

Fig. 6. (a) Theoretical and (b) experimental ramification ratio of the 4F3/2-
4I9/2,

11/2, 13/2, electronic transitions of the Nd3þ ions in the SNABþ2[CdS

(bulk)þNd2O3] (wt%) samples heated at 560 1C for 0, 2, 4, 6, 8 and 10 h.
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lifetime. This can be explained by assuming that nonradiative
processes occurred such as multiphonon decay, energy transfer
between Nd3þ ions and radiative and/or nonradiative transfer to
CdS NCs. It can be seen that these NC emissions greatly overlap
the absorption bands of the Nd3þ ions. The ratio of the lumines-
cent to radiative lifetimes results in the quantum emission
efficiency seen in Fig. 7b. The maximum quantum efficiency
was obtained with 6 h of heat treatment.

Fig. 8 shows an emission cross-section of the 4F3/2-
4I9/2, 11/2, 13/2

transitions of the Nd3þ ions in the SNABþ2[CdS (bulk)þNd2O3]
(wt%) samples heated at 560 1C for 0, 2, 4, 6, 8 and 10 h. It can be
seen that the emission cross-sections of the 4F3/2-

4I9/2, 4F3/2-
4I11/2

and 4F3/2-
4I13/2 transitions increase with heat treatment time and

after 4 h of treatment, only the 4F3/2-
4I13/2 section decreases. It

appears that the emission cross-section of the 4F3/2-
4I11/2 transi-

tion, at 1060 nm, is greater than the others and reaches a maximum
of 1.36�10�20 cm2.

Few studies can be found in the literature that use the Judd–
Ofelt Theory to look at the influence of NC presence on RE ions
and on the spectroscopic properties of RE ions. A study by Haldar
and Patra [40] investigates rises in emissions of Eu3þ in the
presence of Au nanoparticles. This study demonstrated a signifi-
cant rise in the O2 parameter when nanoparticles are present in
the system. Kassab et al. [41] have also used JO parameters to
predict spectroscopic properties in ZnO–TeO2–Yb/Tm glass with
silver nanoparticles.

It was concluded that the optical properties of neodymium
ions can be influenced when embedded in a SNAB glass matrix
nanostructured with CdS NCs. In this study, it was found that the
thermal treatment of SNABþ2[CdS (bulk)þNd2O3] (wt%) samples
heated at 560 1C for 0, 2, 4, 6, 8 and 10 h increased relative
quantum efficiency and emission section influence. In addition,
Judd–Ofelt calculations demonstrated the influence of CdS NCs on
the optical properties of Nd3þ . We believe that these results may
inspire further investigation of this system for possible device
applications, in particular lasers operating at 1.33 mm.
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