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ABSTRACT Erbium-doped tin dioxide (SnO,:Er**) was ob-
tained by the sol-gel method. Spectroscopic properties of the
SnO,:Er3* are analyzed from the Judd—Ofelt (JO) theory. The
JO model has been applied to absorption intensities of Er3*
(4 11y transitions to establish the so-called Judd—Ofelt inten-
sity parameters: §27, §24, and £2¢. With the weak spectroscopic
quality factors £24/82¢, we expect a relatively prominent in-
frared laser emission. The intensity parameters are used to
determine the spontaneous emission probabilities of some rel-
evant transitions, the branching ratios, and the radiative life-
times of several excited states of Er’t. The emission cross
section (1.31 x 10720 ¢cm?) is evaluated at 1.54 um and was
found to be relatively high compared to that of erbium in
other systems. Efficient green and red up-conversion lumines-
cence were observed, at room temperature, using a 798-nm
excitation wavelength. The green up-conversion emission is
mainly due to the excited state absorption from I, /2, which
populates the “F; /2,5/2 states. The red up-conversion emis-
sion is due to the energy transfer process described by Er’*
(*1132) +ECT(*1112) > EP T (*Foj0) + Er¥T (*115)2) and the
cross-relaxation process. The efficient visible up-conversion
and infrared luminescence indicate that Er’*-doped sol-gel
SnO, is a promising laser and amplifier material.

PACS 71.20.Eh; 74.25.Gz; 78.55.-m

1 Introduction

For about 40 years, much attention has been de-
voted to the research of the rare-earth (RE) ions like Er’*
for doping of materials [1-5] due to the 1.54-pm emission
from the *Iy3, — *I;5/, transition of the Er’* ions being
eye-safe and located in the optical communication window.
At present, the Er’*-ion-doped materials have been used as
a medium of the up-conversion laser, i.e. the erbium-doped
fiber amplifier (EDFA) that is one of the key elements used in
wavelength-division-multiplexing (WDM) network systems
for optical communication, data storage, biomedical imaging,
etc. [6-8].

Based on the Judd—Ofelt (JO) theory [9, 10], spectroscopic
properties of Er** ions in many materials have been widely
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studied [1-5]. By changing the host material composition
and Er**-doping concentration, the spectroscopic parameters
of Er’* ions, which are used to estimate the laser perfor-
mances of the materials, can be modified. Among the param-
eters, the luminescence lifetime and the radiative quantum
efficiency of the upper level in laser operation, such as the
*I13)2 state of Er*" ions for the 1.54-pum laser emission, are
directly related to the effect of laser performance and treated
as key parameters in the spectroscopic analysis. The spec-
troscopic analysis for many other Er’**-doped materials like
transparent conducting oxides (TCOs) still remains scanty
and incomplete.

The use of the sol—gel technique in preparation of TCOs
and glasses of high purity and homogeneity for various
electro-optic and photonic applications is relatively new.
Rare-earth ions incorporated into glasses, thin films, and
nanoparticles via the sol—gel process enable the design of host
materials. Currently, there is a growing interest in the study
of new host materials prepared by the sol-gel technique. The
sol-gel route presents some advantages such as the possibil-
ity of deposition on complex shapes, an easy control of the
doping level, rather inexpensive starting materials, and sim-
ple equipment. Although the sol-gel materials doped with
REs are well studied, just a few works have investigated the
Judd-Ofelt theory, which is reserved essentially for RE-doped
glasses.

In the present study, we show that the JO theory can be ap-
plied to sol-gel materials doped with REs. We have performed
an in-depth JO analysis of erbium-doped tin dioxide obtained
by the sol-gel method. The JO spectroscopic analyses are
performed using the high-resolution room-temperature ab-
sorption spectrum. The infrared and up-conversion emission
properties of Er’* are studied and discussed.

2 Experimental procedure
2.1 Sample preparation

The solutions were prepared as follows: 8.37 g of
SnCl,:2H,0 was dissolved in 100 ml of absolute ethanol.
This mixture was stirred and heated at 83 °C for 2 hiin a closed
vessel. Then the vessel was opened, and the solution was again
stirred and heated until the solvent was completely evapo-
rated. The final result was a powder, to which 50 ml of ab-
solute ethanol was added. The final SnO, solution was then
stirred and heated for 2 h at 50 °C. An appropriate quantity of
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erbium trichloride (ErCls) was dissolved in the prepared SnO,
solution. The doped mixture was finally stirred and heated at
50°Cfor2h.

SnO,:Er** (3 at. %) films deposited on quartz were pre-
pared using the dip-coating procedure. The deposited layer
was then dried in air at 150 °C for 30 min after each dipping.
Then, the SnO,:Er’* films were annealed by classic thermal
annealing at 450 °C for 30 min to assure the crystallization of
SnO, and then to 1050 °C for 5 min in order to activate the
Er** ions in the matrix. To obtain a satisfactory film thickness
for practical application, the above cycle (dipping—drying—
heating) was repeated several times (up to 20 times). The
thickness of the SnO,:Ert (3 at. %) film is about 1 mm.

2.2 Optical measurements
Infrared photoluminescence (PL) measurements
are performed by using the excitation wavelength 488 nm
from an argon laser and a monochromator with an InGaAs
photodiode. From a titanium—sapphire laser, pumped by the
argon laser, the 798-nm line is selected as excitation wave-
length for the study of the up-conversion emission.

The absorption spectrum of the sample was measured by
a Bruker IFS 66 v/S spectrometer. All the optical measure-
ments were performed at room temperature.

3 Data analysis

3.1 Absorption measurement

The absorption spectrum of SnO,:Er** (3 at. %)
(Fig. 1) consists of 10 absorption bands peaked at 1536.6,
981.4, 811.5, 674.5, 530.8, 518.3, 491.6, 450.8, 443.6, and
417.8 nm, corresponding to the absorptions from the ground
state 4[15/2 to the excited states 4113 2, 4111/2, 419/2, 4F9/2,
4S3/2, 2H11/2,4F7/2, 4F5/2, 4F3/2, and G9/2, respectively.

3.2 Judd-Ofelt parameters

The data from the absorption spectrum can be used

to predict the important spectroscopic parameters for the cor-
responding Er** (4 f!1) transitions in doped SnO, from the
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FIGURE 1  Optical absorption spectrum of SnOy:Er** (3 at. %)

sol-gel method such as the radiative transition probabili-
ties, the branching ratios, and the radiative lifetime of differ-
ent transitions, in particular from i /2 to the ground state
(1.53 pm).

The measured absorption line strengths (Speas) for the in-
duced electric dipole transition of each band were determined
using the following expression:

Smeas (J — J/) =

3ch2J + 1) [ 9n 0

F )
873%2Ny | (n2 +2)2]

where J and J' represent the total angular momentum quan-
tum numbers of the initial and final levels, respectively, n
is the refractive index, Ny is the Er’*-ion concentration per
unit volume (the corresponding Er** concentration was deter-
mined to be 8.27 x 10 cm~3 in Sn0»), A is the mean wave-
length of the specific absorption band that corresponds to the
J — J' transition, I" = [ a())dA is the integrated absorption
coefficient as a function of A, c is the velocity of light in vac-
uum, and / is the Planck constant. The refractive index n of
SnO; from the sol-gel method is about 1.76 and is supposed to
be practically unchanged with A [11]. The factor [9/(n” 4 2)?]
in (1) represents the local field correction for the ion in the
dielectric host medium and e is the charge of the electron.

The measured line strengths are then used to obtain the JO
parameters £2, §24, and £2¢ by solving the set of equations for
the corresponding transitions between J and J’ manifolds in
the following form:

Seae ] = Iy =Y (S, L)JNUCIS, L)',
t=2,4,6

2

where §2,, §24, and £2¢ are the Judd—Ofelt intensity parameters
and (||U?]|) are the doubly reduced matrix elements of rank
t (t =2, 4, 6) between states characterized by the quantum
numbers (S, L, J) and (§’, L', J). The matrix elements are
independent of the host material and can be easily calculated
from the tables of Nielson and Koster [12]. The JO parame-
ters, however, exhibit the influence of the host on the transition
probabilities since they contain the crystal-field parameters,
interconfigurational radial integrals, and the interaction be-
tween the central ion and the intermediate environment. We
have used the values of the reduced matrix elements for the
chosen Er*t bands calculated by Carnall et al. [13]. When
three absorption manifolds overlapped, the squared matrix
element was taken to be the sum of the corresponding squared
matrix elements.

The values of average wavelength, integrated absorption
coefficients, and measured (Speqs) and calculated (Scac) ab-
sorption line strengths for absorption transitions of Er3*-
doped SnO; from the sol-gel method are tabulated in Table 1.

A measure of the accuracy of the fit is given by the rms
deviation:

ASms=[@—p" Z(AS)Z]% ,

where AS = Scaic — Smeas 1S the deviation, g is the number of
analyzed spectral bands, and p is the number of the parame-
ters sought, which in this case is three. The calculated value of
ASims 18 0.376 x 10720 cm?.
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A least-squares fitting of Scyic t0 Speas provides the three
JO parameters for Er** in sol-gel SnO,. The JO intensity
parameters give an insight into the local structure and bond-
ing in the vicinity of the rare-earth ions. The environment-
sensitive parameter (§2;) indicates an amount of covalent
bonding and the vibronic-dependent parameter (£2¢) is related
to the rigidity of the material. The JO intensity parameters
obtained are £2, = 3.72 x 10720 cm?2, £24 = 0.90 x 1072 cm?,
and 26 = 1.02 x 1072 cm?. The large values of £2, and £,
compared to Er-doped sol-gel SiO, (Table 2 [14]), indicate,
respectively, high covalency and high rigidity of the metal—
ligand bond.

According to the Jacobs and Weber theory [15], the er-
bium emission intensity could be characterized uniquely by
the £24 and §2¢ parameters. Thus, we use the so-called spec-
troscopic quality factor, equal to the ratio £24/$2¢. The smaller
this parameter value, the more intense the laser transition
*113/2 — *I1s)2 is. For Er*T in SnO,, this parameter is esti-
mated to be 0.88, which indicates that the last transition is
more efficient than in other host materials (Table 2).

The emission peak position is related to the covalence
degree of the Er**—ligand bonds in the matrix. The more cova-
lent these bonds, the weaker the electron—electron interaction
in the 4 f shell and the lower the transition energy are. Based
on the above-mentioned arguments, the obtained value of the
*I13/2 — *I,5/> emission peak wavelength (1.54 pum) suggests
that, in this matrix, the Er’T ion interacts strongly with its
ligands.

The JO parameters can now be applied to (2) to calcu-
late the emission line strengths corresponding to the transi-
tions from the upper manifold states, *I13/2, *I11/2, *Fo,
483/2, and ?H\ 12, to their corresponding lower-lying manifold

transition probability, A (J — J'), can be calculated using
the following expression:

At(J — J/) =Aca+And
_ 6474 e? n(n?*+2)>?
C3hQRJ+1DA3 9

Sed + n3Smdj| s
(3)

where Aeq and A4 are the electric-dipole and magnetic-
dipole spontaneous emission probabilities, respectively. The
electric-dipole line strength S¢q is calculated using (2) and
presents a host dependence through the 2, parameters. The
magnetic-dipole line strength S;,q can be calculated with the
expression

2

Tera (S DL 42811, LI,

Smd =

In this work, the values of A4 were calculated using the
values for LaF3 (A] ;) and corrected for the refractive-index
difference [18, 19]. The relationship is

ny\3 ,

where n and n’ are the refractive indices of erbium-doped
SnO; from the sol-gel method and LaF3, respectively.

The radiative lifetime 7, of an emitting state is related to
the total spontaneous transition probability for all transitions
from this state by

states. Using these line strengths, the radiative lifetime (7;) for ¢, = 1 .
transitions between an excited state and the total spontaneous 2y A=)
Transition Aabs (nm) I (nmem™h) Smeas (10720 cm?)  Seue (10720 cm?)
from 4[15/2 to
“hap 1536.6 159.434 1.278 1.637
i 981.4 28.248 0.354 0.508
oy 811.5 11.792 0.179 0.166
“Fyp 674.5 47.661 0.870 0.952
485/ 530.8 27.248 0.632 0.225
2Hyip 5183 131.812 3.132 3.115
TABLE 1 Values of the average wave Rl 491.6 50.040 1.253 0.770
lengths, integrated absorption coefﬁcgients and jFS/ 2 4°0.8 24.182 0.660 0.227
15 - ’ F3p 443.6 17.484 0.485 0.130
experimental and calculated line strengths of 2Gon 417.8 20.040 0.590 0.247
Er’*-doped SnO; at 300 K !
Host materials 2y 24 26 24/826
(10720 cm?) (10720 cm?) (10720 cm?)
Er3*: monolithic 1.9 0.7 0.9 0.77
sol-gel glasses [14]
Er’*: gallium 6.64 1.64 1.47 1.11
tellurite glasses [16]
Er’*: tellurite 5.98 1.32 1.47 0.89
glasses [17]
Er3t:Na, O-Nb,O5 6.86 1.53 1.12 1.36
-TeO, glasses [18]
Present work 3.72 0.90 1.02 0.88

TABLE 2 Judd-Ofelt parameters of the er-

anhEe ; SnO,:Er?t
bium in different host materials
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- TABLE 3 Calculated radiative parameters
Transition A (nm) Aeg (s71) Amg (71 As™h B 7 (ms) of Er*T ions in SnO; sol-gel matrix
ap — hsp 15366 118.46 52.41 170.87 1.000 5.85
Mip — *hsp 9814 164.62 164.62 0.833 5.06

— 43 27162 21.15 11.69 32.84 0.166
YFopp — hisp 6745 1140.50 1140.50 0.901 0.79
— 43 12022 52.51 52.51 0.041
— o 21569 57.90 8.23 66.13 0.052
— 4o 39953 2.16 3.88 6.04 0.004
430 — *hsp 5308 1384.50 1384.50 0.652 0.47
— 43 8109 608.02 608.02 0.286
— i 1156.0 47.05 47.05 0.022
— 4oy 15345 83.91 83.91 0.039
— 4Fyp 24914 0.28 0.28 0.001
2Hip— *hsp 5183 6853.40 6853.40 0.966 0.14
- 43 7821 124.34 124.34 0.017
— 4o 14345 116.56 116.56 0.016

The fluorescence branching ratios, 8(J — J'), can be de-
termined from the radiative decay rates by

At(J = T)

S TR

= A (J — J/)Tr ,

where the sum runs over all final states J'. The luminescence
branching ratio is a critical parameter to the laser designer, be-
cause it characterizes the possibility of attaining stimulated
emission from any specific transition.

Table 3 shows the values of the theoretically com-
puted electric-dipole spontaneous emission probability (Aeq),
magnetic—dipole spontaneous emission probability (Amg),
total spontaneous transition probability (Ayy), fluorescence
branching ratio (), and radiative lifetime (t;) of various ex-
cited states of Er**-doped SnO,.

33 Infrared emission spectrum and cross section

Figure 2 shows the PL spectrum in the infrared
(IR) region of SnO,:Er** films. The IR PL peaks localized
at 814, 983, and 1541 nm correspond to the 419/2 — 4115/2,
4111/2 — 4]15/2, and 4113/2 — 4]15/2 transitions, respectively.
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FIGURE 2 Infrared photoluminescence spectrum of Er’*-doped sol-gel
SnO»

The PL peaks are not well resolved, indicating that Er** ions
occupy multi-sites in the SnO, matrix. We have shown in pre-
vious works [20,21] from the analysis of the PL decay of
rare-earth ions in SnO, and porous materials that these ions
occupy multi-sites. In fact, the experimental PL decay curves
are well described by a stretched exponential function, indi-
cating a distribution of the lifetime.

The emission cross section of the #Ij3/, — *I}5/> transi-
tion has been obtained from the line shape of the emission
spectrum. Its expression is [22]

)\-64At0t

Og=——F5—,
© 7 8en2 Al

where A is the peak emission, # is the refractive index, Ay
is the total spontaneous transition probability, and Al is the
effective line width given by

[ 1) da

Imax

Adett =

)

in which /(1) is the emission intensity at the wavelength X and
I'nax 1s the emission intensity at the peak emission wavelength.

The maximum emission cross section is estimated to
be 1.31 x 1072°cm? at 1541 nm. This value is larger than
the values obtained for erbium in Na, O—-Nb,Os-TeO, glas-
ses [18] (1.02 x 1072° cm?) and in tellurite glass [17] (0.84 x
1072 cm?). Such a result shows the performance of sol—gel
materials in the optical properties of RE ions.

34 Up-conversion luminescence and mechanisms

analysis

Erbium in SnO, shows an up-conversion emis-
sion, at room temperature, when pumped with a 798-nm line
(Fig. 3). The PL spectrum exhibits three distinct emission
bands. The green luminescence corresponding to the (2Hj 2,
483/2) = “I;5), transitions of Er** at 518 nm and 545 nm can
readily be seen by the naked eye for pump powers lower than
90 mW. This observation indicates a considerably efficient
up-conversion process in such a host sol-gel material. Fig-
ure 3 also shows a red emission band centered at 648 nm
attributed to the *Fy/» — #I;5), transition.



BoUZIDIet al. Er’*-doped sol-gel SnO, for optical laser and amplifier applications

469

4
3t 32 I15/2

=

=

)

z2f

‘@

=

S

= ‘g .

= 1 | ’H 4115/2 o2 152
0 1 1 1 1 1

500 550 600 650 700
Wavelength (nm)

FIGURE 3 Visible up-conversion spectrum of SnO,:Er3™ (3 at. %) excited
from the 798-nm wavelength
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FIGURE 4 Energy level diagram of SnO,:Er’*. Possible visible up-
conversion emission mechanisms under 798-nm excitation are indicated

The up-conversion emission for the three emission bands
could be related to a two-photon absorption process. This
result has been reported elsewhere for other host materi-
als [16—18,23, 24]. The possible up-conversion mechanisms
for the three emission bands are discussed as follows. Ab-
sorption of laser photons (798 nm) raises Er** ions from the
ground state to the #Iy), state, which undergoes multiphonon
relaxation to the *I; /2 state. The ions in the I, /2 state se-
quentially absorb laser photons (798 nm) and are raised to
4F3,2,5)2 states. The ions in the *F3)5 5> states undergo mul-
tiphonon relaxation through *F7 ), to 2Hj1 ), and 4S5, states.
Because the energy gap below the *S3,, state is larger, the
multiphonon relaxation rate from the 4S3/2 state becomes
smaller. Therefore, the strong green luminescence was emit-
ted through *S3,> 4+ 2Hy1/2 — *I1s/ transitions. For the red
up-conversion, the population of the *Fy, level is the com-
bined result of energy transfer (ET) from the I3 /2 level and
a contribution from higher-energy levels by non-radiative re-
laxation. The energy transfer process can be described as Er**
(*hap) +ECT (*12) = EC Y (*Fon) +Ert (s ), and it
is a dominant contribution to red up-conversion because the
cross relaxation should be efficient due to the high population
of the 4[13/2 level.

The energy levels illustrating the up-conversion process
under 798-nm excitation are shown in Fig. 4.

4 Conclusion

Er**-doped tin dioxide has been obtained by the
sol-gel method. The JO intensity parameters, the oscilla-
tor strengths, the spontaneous transition probabilities, the
branching ratios, and the radiative lifetimes were successfully
calculated based on the experimental absorption spectrum and
the JO theory. A weak spectroscopic quality factor £24/2¢
is obtained. It indicates that the infrared laser emission is
relatively intense. The calculated spontaneous transition prob-
ability for 1536-nm luminescence is 170.9 s~! and the emis-
sion cross section is 1.31 x 1072 cm?. Efficient green and
red up-conversion luminescence, and intense broad 1.54-pm
infrared PL, were observed. The up-conversion mechanisms
mainly involve excited state absorption and energy trans-
fer. A schematic diagram of the up-conversion process is
proposed.

The results indicate that SnO,:Er** obtained by the sol—
gel method is a promising host in the development of rare-
earth-doped transparent conducting oxides for laser and am-
plifier applications.
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