
E
t

W
a

b

a

A
R
A
A

K
L
E
N
p

1

d
s
d
a
t
w
t
f
s
t
t
r
[
T
[

f
f
t
l
a
c
l

h
1

Opto-Electronics Review 25 (2017) 238–241

Contents lists available at ScienceDirect

Opto-Electronics  Review

j ou rn al hom epage : ht t p : / / w ww.journ als .e lsev ier .com/opto-e lec t ronics rev iew

rbium-doped  lead  silicate  glass  for  near-infrared  emission  and
emperature-dependent  up-conversion  applications

.A.  Pisarskia,∗, J.  Pisarskaa, R.  Lisieckib,  W.  Ryba-Romanowskib

University of Silesia, Institute of Chemistry, Szkolna 9, 40-007 Katowice, Poland
Institute of Low Temperature and Structure Research, Polish Academy of Sciences, Okólna 2, 50-422 Wrocław, Poland

 r  t  i  c  l e  i  n  f  o

rticle history:
eceived 16 January 2017
ccepted 23 June 2017
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Erbium-doped  lead silicate  glass  has  been  investigated  for near-infrared  emission  and  up-conversion
applications.  Near-infrared  emission  due  to 4I13/2 → 4I15/2 transition  of  Er3+ is relatively  broad  (70.5  nm)
and  long-lived  (3.7 ms).  Also,  up-conversion  luminescence  spectra  of Er3+ ions  in lead  silicate  glass
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have  been  examined  as a function  of  temperature.  The  relative  intensities  of luminescence  bands  corre-
sponding  to 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 transitions  of  Er3+ were  determined  with  temperature.  The
fluorescence  intensity  ratio  and temperature  sensitivity  were  calculated.  The  maximum  sensitivity  for
Er3+ doped  lead  silicate  glass  is close  to 26.4  × 10−4 K−1 at T =  590  K.
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. Introduction

Lead silicate glasses have received great attention in the past
ue to their good chemical and physical properties, such as high
tability against crystallization, ease of preparation, thermal con-
uctivity and heat capacity. Furthermore, PbO-SiO2 systems exhibit

 wide glass formation composition range up to 90 mol% PbO and
hey contain extraordinarily large amounts of free volume (voids),
hich cannot be found in conventional binary silicate glasses. For

hat reason, PbO-SiO2 glasses are classified as a “binary network-
ormer glass” with large amounts of free volume [1]. Also, lead
ilicate glasses belong to materials emitting light in a wide spec-
ral region under UV–vis or NIR laser excitation. The advantage of
hese glass systems are large transparency from UV to NIR spectral
anges and quite easy incorporation of Er3+ [2–5], Nd3+ [6–8], Eu3+

9], Pr3+ [10] and other rare earth ions [11] into glass host matrices.
ransition metal ions as the optically active ions are incorporated
12,13], as well.

In this work, erbium-doped lead silicate glass belonging to the
amily of heavy metal glasses HMG  [14–17] has been investigated
or near-infrared emission and up-conversion applications. In par-
icular, the up-conversion luminescence spectra of Er3+ ions in
ead silicate glass have been examined with temperature. A special

ttention has been paid to Er3+ doped lead silicate glass to opti-
al temperature sensor applications. Recently, the up-conversion
uminescence processes of Er3+ ions in lead silicate glass were pre-

∗ Corresponding author.
E-mail address: wojciech.pisarski@us.edu.pl (W.A. Pisarski).
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h  Electrical  Engineers  (SEP).  Published  by  Elsevier  B.V.  All  rights  reserved.

sented and discussed in details [2–4]. However, the up-conversion
luminescence spectra of Er3+ ions in lead silicate glass varying with
temperature were not specifically examined. The previously pub-
lished work suggests that the thermometry range, relying on the
fluorescence intensity ratio method, is excessively extended due
to the high vitreous transition temperature in Er3+/Yb3+ co-doped
lead-free silicate glass [18].

2. Experimental

Glass with general formula 45PbO-45SiO2-9Ga2O3-1Er2O3, in
mol%, were prepared by mixing and melting appropriate amounts
of metal oxides of high purity (99.99%, Aldrich Chemical Co.). A
homogeneous mixture was heated in a protective atmosphere of
dried argon. Mixed reagents were melted for 0.5 h at 1100 ◦C.

Near-infrared emission spectrum was  measured using a Con-
tinuum Model Surelite I optical parametric oscillator pumped by
a third harmonic of a Nd:YAG laser. Up-conversion luminescence
has been excited with diode laser at 980 nm.  Luminescence was
dispersed by a 1-m double grating monochromator and detected
with a photomultiplier with S-20 spectral response. Emission spec-
tra were collected using a Stanford SRS 250 boxcar integrator with
accuracy of ±0.2 nm.  Luminescence decay curve was  recorded and
stored by a Tektronix TDS 3052 oscilloscope with accuracy of ±2 �s.

3. Results and discussion
3.1. Near-infrared emission

The previously published works for Tm3+ [19,20] and Ho3+

[21,22] in lead silicate glasses and fibers suggest their near-infrared

 B.V. All rights reserved.
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Fig. 2. Up-conversion luminescence spectrum of Er3+ ions in lead silicate glass. Inset
ig. 1. Near-infrared emission of Er3+ ions in lead silicate glass. Inset shows decay
urve for the 4I13/2 state of Er3+.

aser application at 2000 nm.  Here, the experimental results for Er3+

ons in lead silicate glass are presented and discussed in relation to
otential applications at third telecommunication window.

Figure 1 presents near-infrared emission spectrum which was
ecorded for Er3+ ions in lead silicate glass. The spectrum was mea-
ured under excitation of 4F7/2 state by 488 nm laser line. In many
ases, erbium doped materials are efficiently pumped by commer-
ially available laser sources using a 488 nm line [23], because
he absorption band of the Er3+:4I15/2 → 4I11/2 transition around
80 nm characterize relatively weak ground state absorption. NIR
mission band at about 1550 nm corresponds to 4I13/2 → 4I15/2 tran-
ition of Er3+. The spectral linewidth ��  defined as full width in
alf maximum (FWHM) was determined. The value of FWHM for
I13/2 → 4I15/2 transition of Er3+ is nearly close to 70.5 nm,  which
s demanded for tunable solid-state lasers and broadband optical
mplifiers. The inset of Fig. 1 shows luminescence decay from the
I13/2 state of Er3+ in lead silicate glass. The luminescence lifetime
alculated by fitting the decay curve is also an important spectro-
copic parameter for broadband optical amplifiers. The relatively
ong lifetime of the 4I13/2 state required for the high population
nversion is the critical factor in the success of erbium-doped fiber
mplifiers (EDFA) in the optical communications. Luminescence
ecay analysis for lead silicate glass indicates that the 4I13/2 mea-
ured lifetime of Er3+ is close to 3.7 ms  and its experimental value
s significantly longer in comparison to erbium-doped lead borate
lasses studied earlier by us for near-infrared broadband optical
mplifiers [24].

.2. Temperature-dependent up-conversion process

Figure 2 presents up-conversion luminescence spectrum of Er3+

ons in lead silicate glass. The inset shows the log–log dependence of
uminescence intensity on the excitation power. The spectra were

easured under 980 nm diode-laser excitation. The observed lumi-

escence bands at about 550 nm,  670 nm and 800 nm correspond
o 2H11/2, 4S3/2 → 4I15/2, 4F9/2 → 4I15/2 and 4I9/2 → 4I15/2 transitions
f Er3+, respectively. Two dominant 2-photon mechanisms are
nvolved in the up-conversion process, namely the excited state
shows the log–log dependence of up-conversion luminescence intensities on the
excitation power.

absorption ESA and the energy transfer up-conversion ETU [25]. The
4I11/2 (Er3+) level is directly excited by 980 nm line. In the ESA pro-
cess, the Er3+ ions (4I11/2 state) absorb photons and are then excited
to 4F7/2 state. In the ETU process, two excited Er3+ ions (4I11/2 state)
interact with each other. One of them is de-excited to 4I15/2 ground
state, whereas the other is promoted to 4F7/2 state. Both the ESA
and ETU processes populate the 4F7/2 state which transfers energy
very fast to 4S3/2 state by a non-radiative multiphonon process. The
excited state absorption mechanism ESA leads to a fast increase
of the up-conversion luminescence, whereas the energy transfer
mechanism ETU is expected to show a relatively slow increase
after the laser pulse. Further investigations clearly indicate that
glasses singly doped with Er3+ ions present usually a rapid increase
of the up-conversion luminescence during the laser pulse. Based
on experimental results published recently [26], the observed up-
conversion luminescence processes are mainly due to excited state
absorption processes (ESA). In particular, these processes are dom-
inant, where activator concentration is relatively low. Finally, the
up-conversion luminescence spectrum due to 2H11/2,4S3/2 → 4I15/2
(green), 4F9/2 → 4I15/2 (red) and/or 4I9/2 → 4I15/2 (NIR) transitions of
Er3+ are observed. The mechanism of up-conversion process was
determined from the log–log dependence of luminescence inten-
sity on the excitation power using the following relation:

IUPC ∼ Pn
pump, (1)

where: IUPC denotes the up-conversion integrated luminescence
intensity, P – the laser power and n – number of photons. The
slope of 1.6 for the 4S3/2 → 4I15/2 transition of Er3+ in lead silicate
glass indicates that 2-photon mechanism was involved in the up-
conversion process. It was schematized on the energy level diagram
(Fig. 3).

Further experimental studies indicate that the up-conversion
luminescence spectra of rare earths in glasses are changed dras-
tically with temperature [27]. Figure 4 shows up-conversion
luminescence spectra of Er3+ ions in lead silicate glass as a func-
tion of temperature. The spectra were recorded in the 500–580 nm
spectral ranges under 980 nm excitation by cw laser-diode. In this
spectral region two green luminescence bands are observed which

correspond to 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 thermally coupled
transitions of Er3+. Their relative emission band intensities were
determined with temperature.
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Table  1
Maximum sensitivity SMAX for Er3+ doped lead silicate glass and other silicate based glass host matrices.

Rare earth Glass host SMAX (×10−4 K−1) T (K) Temperature range (K) Excitation � (��) Ref.

Er3+ PbO-SiO2-Ga2O3 26 590 300–650 980 a

Er3+ SiO2-B2O3-Na2O 23 296 296–673 978 [29]
Er3+/Yb3+ SiO2-BaF2-ZnF2 27 513 250–650 980 [30]
Er3+/Yb3+ SiO2-B2O3-Na2O-BaO 31 550 300–700 970 [18]
Er3+/Yb3+ SiO2-B2O3-Na2O 33 296 296–723 978 [31]

a This work.

Fig. 3. Energy level diagram of Er3+. All transitions are also indicated.
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(70.5 nm)  and long-lived (3.7 ms). Up-conversion luminescence
ig. 4. Influence of temperature on up-conversion luminescence of Er3+ ions in lead
ilicate glass.

Fluorescence Intensity Ratio R (or FIR) from each thermally
oupled 2H11/2 and 4S3/2 levels to the 4I15/2 ground state can be
xpressed by the following equation:
 = IH
IS

= C exp(−�E

kT
) (2)
Fig. 5. Fluorescence intensity ratio R and temperature sensitivity S for Er3+ doped
lead silicate glass.

where IH and IS are the integrated luminescence intensities of the
transitions of 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2, �E  – energy gap
between 2H11/2 and 4S3/2 levels, k – Boltzmann constant. The pre-
exponential constant C is given by:

C = gH�HωH

gS�SωS
, (3)

where g, �, � are the degeneracy, the emission cross-section, the
angular frequency of fluorescence transitions from the 2H11/2 and
4S3/2 levels to the 4I15/2 level, respectively.

The rate of R varies with temperature and it is usually defined
as temperature sensitivity S:

S = dR

dT
= R

(
�E

kT2

)
. (4)

The fluorescence intensity ratio R and sensitivity S varying with
temperature are presented in Fig. 5. For erbium-doped lead sili-
cate glass, the maximum sensitivity is equal to 26.4 × 10−4 K−1 at
T = 590 K and its value is higher in comparison to PbO-GeO2-Ga2O3
glass containing Er3+ ions [28]. On the other hand, the maximum
sensitivity is similar to that one obtained for silicate based glasses
containing Er3+ and Er3+/Yb3+ ions [18,29–31]. The results are sum-
marized in Table 1.

4. Conclusions

Erbium-doped lead silicate glass has been investigated
for near-infrared emission and temperature dependent up-
conversion applications. Near-infrared emission corresponding
to the 4I13/2 → 4I15/2 transition of Er3+ ions is relatively broad
spectra of Er3+ ions in lead silicate glass have been examined for
temperature sensing. In the 500–580 nm spectral ranges, two green
luminescence bands are observed, which correspond to transi-
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ions originating from thermally coupled 2H11/2 and 4S3/2 excited
tates to 4I15/2 ground state of Er3+. The log–log dependence of
uminescence intensity on the excitation power confirms 2-photon

echanism of up-conversion process. The relative luminescence
and intensities of 2H11/2 → 4I15/2 and 4S3/2 → 4I15/2 transitions of
r3+ were determined with temperature. Temperature sensitiv-
ty was analyzed based on the fluorescence intensity ratio R from
ach thermally coupled 2H11/2 and 4S3/2 levels to the 4I15/2 ground
tate of Er3+. The maximum sensitivity is due to 26.4 × 10−4 K−1 at

 = 590 K, which indicates that erbium-doped lead silicate glass is
romising for optical temperature sensors.

ovelty statement

In this work, Er3+-doped lead silicate glass belonging to
eavy metal glass family has been studied for NIR emission and
p-conversion applications. In particular, the up-conversion lumi-
escence spectra of Er3+ have been examined with temperature. A
pecial attention has been paid for Er3+ doped lead silicate glass to
ptical temperature sensor applications. Temperature-dependent
p-conversion luminescence spectra of Er3+ ions in lead silicate
lass were not specifically examined.
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