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Abstract The Er*” codoped with CdS nanoparticles in sol-
gel glass with an average particle size of about 10 nm have
been synthesized by sol-gel method. The green and red up-
conversion emissions centered at about 534, 560 and 680 nm,
corresponding to the Hy1— 15, *S30—115 and *Fo,
2—>4I]5/2 transitions of Er3+, respectively; were detected by a
800 nm excitation. The two-photon absorption process is in-
volved in the green and red up-conversion emissions.

Keywords Sol-gel chemistry - Nanoparticles - Glasses -
Electron microscopy - Luminescence

Introduction

In the recent years, the upconversion of infrared light to
shorter wavelength by rare-earth ions doped glasses have
been investigated extensively, due to wide applications such
as high density optical data storage, solid state color display,
infrared sensor, optoelectronics, sensitive bioprobes and
underwater sea communications [1-4]. Er*" ion is the most
studied among the rare earth ions, and the upconversion
process of this ion in various kinds of host materials has
been investigated [5—13]. Upconversion (UC) requires the
absorption of two or more photons but unlike the multiphoton
absorption, the photons can be absorbed sequentially rather
than simultaneously. A condition for efficient UC pumping is
that the absorbing center has a metastable state that is
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intermediate in energy between the ground state and the
emitting state. UC lasing has several advantages over other
techniques such as second harmonic generation.

To convert the fundamental infrared emission to the visible,
non-linear optical techniques such as harmonic generation or
optical parametric oscillation are generally employed. There are
several stringent conditions relating to the infrared beam qual-
ity, beam divergence, polarization orientation, crystal tempera-
ture and crystal axis alignment that must satisfied when using
non-linear methods. Poor conversion efficiency will result if
these conditions are not met. In contrast, UC laser emission is
an effective means of converting IR radiation to the visible
without many of the constraints associated with NL optical
techniques [14, 15].

However, the glasses with lower phonon energy can lead to
higher UC efficiency. Among oxide glasses, tellurite glasses
have been proven to be with lower phonon energy than many
oxide glasses [16]. Unfortunately, silicate glasses which are the
most chemically and mechanically stable and also are easily
fabricated into various shapes and size such as rod and optical
fiber have only vary faint UC luminescence due to their large
phonon energy [17]. Therefore design of new silicate glass host
for realizing intense UC luminescence from Er*" is target at
present. Semiconductor nanocrystals have received much at-
tention due to their size-dependent optical properties of these
nanoparticles make them unique materials for a variety of
applications. Several advantages could result from co-doping
matrices with nanoparticles and rare earth (RE) ions. It is
known that the absorption bands of nanoparticles are broader
than those of RE which ensures the accord ability in wave-
length of the pump sources for the achievement of optical
components such as amplifiers. An appropriate choice of the
semiconductor nanoparticles would then lead to excite the
rare-carth ion by nonradiative energy-transfer between the
semiconductor nanoparticles and the rare-earth ion through
the matrix [17]. CdSe, CdTe and CdS nanocrystals, are the
group of nanostructures that have been mostly investigated
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because of their high luminescence efficiency and easily ad-
justable luminescence from ultraviolet to near infrared region
by nanocrystals sizes showing the prospective for optoelec-
tronic devices and biological imaging and labeling applica-
tions [17-21].

In the present study, the nonradiative decay rates of
excited Er’” ions and up conversion mechanism of Er’" in
CdS nanoparticles under 800 nm excitation are considered
mainly from the CdS concentration dependence. Intensity
parameters of optical transitions of Er’" in silicate glasses
codoped with CdS nanoparticles are calculated from absorp-
tion spectra using Judd-Ofelt (J-O) theory.

Experimental

Silica xerogel was prepared by sol-gel process using tetracthy-
lorthosilicate (TEOS), distilled water methanol and nitric acid
in the volume ratio of 16:10:70:04 respectively, cadmium ni-
trate and thiourea are used as cadmium and sulfur sources.
Silica gel containing 0.1 M of Er’* with and without CdS were
prepared by sol-gel process with TEOS, as a precursor in the
presence of methanol, water and nitric acid [22-24]. First, a
desired amount of erbium oxide was dissolved in methanol and
water in presence of nitric acid. Then to this mixture TEOS was
added and stirred for 30 min. Second, the methanol solution of
cadmium nitrate and thiourea was added into the above mixture
and stirred. Cadmium nitrate and thiourea were as cadmium
and sulfur sources, respectively. After being stirred for 60 min,
the mixture was poured into polyethylene container, seal tightly
and gelatinized at room temperature. The xerogel obtained was
aged for 24 days. Finally, the xerogel was annealed at 150 °C
for 1 h. The color of the xerogel turned from white into yellow,
which shows the presence of CdS in the sample.

Characterization Techniques

The size of the particles was determined from TEM images,
obtained using a JEM-2100 transmission electron microscope

Fig. 1 a TEM image of CdS
nanoparticles doped in silica
glasses b SAED pattern, Due to
presence of rings with discrete
spots confirm the larger grain
size as well as polycrystalline
nature
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with operating voltage of 200 kV. For this analysis, the sam-
ples were prepared by making a clear dispersion in ethanol
and placing a drop of solution on a carbon-coated copper grid.
The solution was allowed to evaporate leaving behind the
nanoparticles on the carbon grid.

The absorption spectra were measured using PD UV-
VIS spectrophotometer (S-3100). The fluorescence spectra
were measured using a Horiba Jobin Yvon FluoroMax-4P
spectrofluorometer equipped with 100 W Xenon lamp source.
All the spectra were measured at room temperature.

Result and Discussion

Structural Analysis of CdS Nanoparticles Doped
in the Glasses

For structural analysis, we analyzed the samples through TEM,
the photograph of TEM image with selective area electron
diffraction (SAED) is shown in Fig. 1(a) & (b), respectively.
An average particle size of 10 nm is found from TEM, which is
consistent with the crystallite size of 8.1 nm calculated by the
Scherrer equation as well as the particles size 4.8 nm calculated
by EMA, reported in our earlier paper [23, 24]. SAED pattern is
used to learn about the crystal properties of a particular region
i.e. the material is single crystalline, polycrystalline, polycrys-
talline textured or amorphous [25]. The SAED pattern of single
crystalline materials have only spot patterns while polycrystal-
line materials have ring pattern form. In SAED pattern, it shows
a ring like pattern, which means prepared CdS doped sample is
a polycrystalline materials.

Absorption Spectra of Er’* with and without CdS
Nanoparticles in Silica Glasses: Judd-Ofelt Analysis

Figure 2 shows the absorption spectra of Er** codoped with
and without CdS nanoparticles. The band assignment are also
indicated in Fig. 2. The spectral intensities for the observed
bands of these glasses that are often expressed in term of
oscillator strength of forced electronic dipole transition have
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Fig. 2 Absorption spectra of Er** in sol-gel derived silica glasses

been analyzed with the help of Judd-Ofelt (J-O) theory [26,
27]. According to J-O theory, the oscillator strength of several
f—f'transitions may be expressed by the sum of the product of
three intensity parameter 2/(t=2,4,6) times the squared
matrix elements ] U (I)H between the initial level J to the
terminal level J' states. Once the phenomenological
parameters for the rare-earth doped glass can be deter-
mined, it is used to predict the important radiative
properties of the lanthanide ions in the host matrix. In
the framework of the J-O theory, the theoretical oscilla-
tor strength f.,, are expressed as a sum of the transition
matrix element involving intensity parameters {2, which
depends on the host matrix and is given by

fear = {87me (i +2)° /30227 + 1)9n ]

x - QU P (1)

(=246

where (2J+1) is the multiplicity of the lower states A is the mean
wavelength of the transition, ¢ is the velocity of light, m is the
electronic mass, / is the Planck’s constant, n is the refractive
index and H Ut H is the reduce matrix elements between the
initial and terminal level. The Q, phenomenological parameters
(©) in Eq. (1) are determined from optical data for a particular
ion-host combination.

The experimental values of oscillator strength £, of the
transition were evaluated from integrating absorbance for
each band and the relation is

Sop =432 x107° / e(v)dv (2)

where ¢ (v) is the decadic molar extinction co-efficient at
wave number v cm ! and is expressed as v = a,,/2.303, a,
expressed the probability of absorption per unit time per unit
concentration per unit length of optical path, from Lambert-
Beer law.

The phenomenological intensity parameters (=2, 4,
6) for the forced electronic dipole transitions were
obtained by using MatLab software in the framework
of the J-O theory. The reduced matrix elements obtained
by Carnall et al. [28] and refractive index (ny;)=1.514
for the sol-gel glass were employed in the calculations.
The glass refractive index used in this was determined
on a precision refractometer using a sodium vapour
lamp with monobromonapthalene as the layer of contact
between the glass surface and the refractometer prism.
The experimental (f,,,) and calculated oscillator strength
(f.as) along with the root mean square deviation is
compiled in Table 1. The J-O intensity parameters (£2,)
of Er'" doped glasses are compared in the Table 2.

The J-O parameters are important for investigating
the local structure and bonding in the vicinity of the
rare earth ions. The J-O parameter {2, is very sensitive
to the structure and it is associated with the symmetry
and covalency of the lanthanide sites. On the other
hand, Q4 and 4 values depend on the bulk properties
such as viscosity and dielectric of the media and are
also affected by the vibronic transition of the rare earth
ions bond to the ligand atoms. In addition, the J-O
intensity parameters can be used to calculate the spec-

troscopic quality % that is critically important in pre-
dicting the stimulated emission for the laser active
medium. Comparatively higher value of €2, parameter
for studied glasses indicates the higher asymmetry and
stronger covalent environment between Er’* and ligand
ions for the studied host. The result is important since
the transition probabilities for emission of Ln*" ions are
expected to increase with increasing the covalency of
the ions [29].

These §2; values have been used in the evaluation the
strength of any radiative transition for any dopant and host
combination from the observed photoluminescence spectra
(PL). The electric dipole probability, which corresponds to
the probability of spontaneous emission from an excited

Table 1 Oscillator strength of Er** co-doped with CdS nanoparticles
in sol-gel silica glasses

Transition ~ Wavelength  Energy fo., (fexp* 10 fra Joxp* 1079
from “I,5 (nm) (em ™

4Gop 367 27,248 0.3993 0.1204
‘G 381 26,247 1.6293 1.5229
*Hoy 411 24,331 0.6304 0.6376

*F 5 455 21,978 0.4710 0.5170
“Fop 496 20,161 0.4542 0.4713
2Hyyp 530 18,868 0.9597 0.9929
4S5 551 18,149 0.4673 0.4227
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Table 2 Judd-Ofelt intensity parameters of Er’* doped in various

glasses

Host glass  Q, Q, Q¢ %‘; Reference
Er’*/CdS 14.1083  14.0638 11.4749 1.23  Present work
Aluminate 5.60 1.60 0.61 2.62  [11]
Phosphate 3.89 1.01 0.55 1.84 [12]

Tellurite 5.05 1.45 1.22 1.19  [13]
Fluoride 291 1.27 1.11 1.13  [13]

state, can also be determined through the knowledge of the
transition strength, which is given by

64nte’n  (n® + 1)2
s+ ) 9

(S, U (8, )]
1=2,4,6

A[(S, L) (S, L')] =

(3)

Equation (3) can be used to estimate the radiative spon-
taneous lifetime for an excited state by simply summing the
electric dipole probabilities corresponding to all of the pos-
sible transitions originating from the excited state. The
radiative lifetime of an excited state can then be written as:

Lo ZA,;,- (4)

Trad

Finally the peak emission cross-section (o) between an
initial manifold |(S,L)J) to a final manifold |(S’,L')J’) is
given as

°

(4, - 4 ,L : /,LI !
W) = g iz, AUS D3 (851 (5)

where n is the refractive index at the 4, peak fluorescence
wavelength, A\ the effective bandwidth and c is the ve-
locity of light.

PL Studies of Er’" Codoped with CdS Nanoparticles
in Silica Glass

The fluorescence spectra of Er'" codoped with different
concentration CdS nanoparticles are shown in Fig. 3. We
have observed only one emission peak at 534 nm due to
2H,,/,—"1;5) transition of Er’* ions. Using the J-O param-
eters obtain from absorption spectra we have calculated the
values of radiative parameters for the observed transition in
our glass, which is compiled in the Table 3. It was also
observed that the emission intensity considerably increase
with varying the concentration of CdS nanoparticles in the
host. The possible explanation is that CdS nanoparticles
doped in the network of SiO,-Er’* xerogel would increase
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Fig. 3 PL spectra of Er’* doped with CdS nanoparticles in silica
glasses, a) without CdS, b) 0.1 M CdS, ¢) 0.3 M CdS & d) 0.5 M CdS

the concentration of Si dangling and oxygen vacancy in the
network of the silica xerogel. In this way, more electron or
hole can be easily excited and radiant recombinations are
increased. Also, there is a possibility of ET from the CdS
nanoparticles to the RE ions, owing to the electron or hole
trapped surface levels. The photogenerated electron is first
trapped in the surface level of CdS particles, they interact
with the RE ions located close to the surface CdS. Secondly,
the electron in the surface trapped recombines with a va-
lence band free hole, and the energy is non-radiatively
transferred to the RE ions.

UC Studies of Er** Codoped with CdS Nanoparticles
in Silica Glass

Figure 4 illustrated the upconversion spectra of Er’* doped
CdS nanoparticles in sol-gel silica glasses under 800 nm
excitation. The emission bands were observed around 534,
560, and 680 nm. They are assigned to radiative transitions
from the state’s 7 to 1 (*Hy;0—"1;5) from 6 to 1 (*Ss,
»—155), and from 5 to 1 (*Fop—"1;5)), respectively. It
was also observed the upconversion emission intensity
varies with varying concentration of CdS nanoparticles.
The possible explanation is that CdS nanoparticles doped
into the network of SiO,-Er’" xerogel would increase the
concentration of Si dangling and oxygen vacancy in the
network of silica xerogel. In this way, more electron and
hole can be easily excited and radiant recombination are
increased. Moreover, there is a possibility of energy transfer

Table 3 Transition probabilities, radiative lifetime and peak emission
cross-section of excited states of Er’* doped CdS nanoparticles in sol-
gel silica glass

Transition Wavelength A(s") TR(MS) 6p % 10722 cm?
(nm)
2Hyyp—*sn 534 426.847 2343 ms 18.40
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Fig. 4 UC spectra of Er’" doped with CdS nanoparticles in silica
glasses, a) without CdS, b) 0.1 M CdS, ¢) 0.3 M CdS & d) 0.5 M CdS

from CdS nanoparticles to Er'* ions in the matrix. As a
result of this, the emission intensity of the doped sample
markedly increased.

The possible upconversion mechanism in our samples
can be explained with the help of energy level diagram
shown schematically in Fig. 5. In the first step, the o
level is directly excited with 800 nm light, the initial Topn
level population relax to the M1n & Y13 levels, with part
of population in the 11,2 level further relax into the *1;5)
level. With this excitation condition, the excited state ab-
sorption (ESA) process from the “I;5, level to the *Hyy)
level can occur easily in the system. Certainly the energy
transfer(ET) through “1,1/» and the ESA from the *I;;,»
should also considered, but contribution are smaller than
the ESA from the *I;5,, level. This populates the Hy1
level, from which it radiatively relax to 155> level. Thus
upconversion emission at 534 nm could be observed. More-
over, Er’" ion at the 2H,,,, state can also decay to the 4S5/
state due to multiphonon relaxation process and the *Ss,
»—115» transition gives 560 nm emission. The estimated

25—
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Fig. 5 Energy level scheme for Er’*" ions indicating possible upcon-
version mechanism

energy gap between the *H, ;) state and the next lower state
4S5, is about 800 cm™'. Thus the multiphonon relaxation is
very large. The radiative transition from 2Hyyp & *Ssp to the
ground state(*],5») is responsible for the observed green band.

Finally, for the red upconversion under 800 nm excita-
tion, the population of *Fo) level is the combined result of
ET from the *I;5,, level and the contribution from higher
energy level by non-radiative relaxation. The ET process
can be describe as

Er3+ (4113/2) + Er3+ (4[1 1/2) N Er3+ (4F9/2) + Er3+ (4[15/2)

and it is dominant contribution to red upconversion because
the cross-relaxation should be due to high population of *I;5/,
level. Moreover, Er** ion was directly excited to the *Fo, with
phonon assistant energy transfer (PET) process from state *I; >
to “Fop. This combined process results to red upconversion
emission at 680 nm due to transition from *Fo/,—"1; 5.

The rate equation used to describe the above mentioned
process are given by

dn, 14 2,531y 13(1) 7.1
= &m0+ [0 )+ w )

+ Wipyne (1) + Wiy ns (1)

dny 27 3,1:2,5) M2(1)
7 _[WI:(‘SA) + Wér’ ) N ny(t)

42 32:3,5) 13(1)
| 4w B o

dn; 3.8 3235 13(1) 43
== —|WED + W™ n3 (1) + Wy na(?)
dt N
dny 43 42 410 1.4
o _[ 15/1PR> + +WIE/IPR) + W]:(“SA )}’M(f) + Wc(;sA)nl(t)
dn . na(t . no(t
s T 50 )+ w29 220 st
dt N
5.1

- WE(“DT)HS(I)
dng 7.6 8,6 6,1
dar () + +Wagsins (2) — Wipyn(2)
dnq 27 8,7 7,1
= WS ma(0) + + Wygialns (1) — Wil na (1)
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Where ny, n,, ns ... is the population of the state 1, 2, 3...
etc. , N is the sum of the rare-carth concentration, W'

denotes transition rates from 1 state to 4, similarly other too

represent the same and WézT’Sﬁ’l) denotes energy transfer

rates between two ions. These ions are in the state 2 and 3
before and in the state 5 and 1 after the transfer.

Ground state absorption rate (Wgg4) and excited state
absorption rates (Wgg,) used in the rate equations are given
by following equation [30]

WGSA = 0'@

WGSA = 0"@

where o and ¢’ denote absorption cross-section and @ is a
photon flux of the incident light.

Multiphonon relaxation rates (W,pg) were approximately
expressed in the following equation with the theory proposed
by Miyagawa and Dexter [31]

Wypr = Cexp(—a AE)

where AE is the energy gap to the next lower state. The
parameters C and « can be derived from the calculated electric
dipole transition rate Wypz; magnetic dipole transition rate
(Wypr) and the measured fluorescence lifetime [32].

And the phonon-assistant energy transfer rates (Wpgr)
can be expressed in the following equation [30]

Wper = Wir exp(—BAE)

In(2)
=———0
F hv
where Wgr is the resonant energy transfer rate, hv is a
representative phonon energy in host glasses, and 3 has

correlation with « in multiphonon relaxation.

Conclusion

In conclusion, the Er’* codoped with CdS nanoparticles in sol-
gel glass with an average particle size of about 10 nm have been
synthesized by sol-gel method. The upconversion of Er*" in
CdS nanoparticles doped glasses has been investigated. The
upconversion mechanisms are discussed, and the dominant
mechanisms are ESA for the *H;;p—"1;5» and *S;p—1;sp
transitions, and ET & PET for the *Fo»—"1;5), transition.
Intense green ~ around 530-560 nm and red ~ around
680 nm emission bands were observed under 800 nm
excitation.
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