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Abstract
Optical absorption and emission properties of Er and Er±Yb-doped phosphate glasses are investigated both at low
and room temperature in the near infrared spectral region between 800 and 2000 nm, and the results are thoroughly
discussed in connection with the expected transitions originating from the crystal-®eld split 4 I15=2 and 4 I13=2 levels of the
Er3 ion. Accurate measurements of the 4 I13=2 ¯uorescence lifetimes and the determination of the stimulated emission
cross section for the Er transition at 1.5 lm are also reported. Excited state absorption (ESA) from the metastable 4 I13=2
level towards the higher energy levels is measured in the 450±1200 nm spectral region. The ESA absorption peaks are in
good agreement with the positions of the higher states of the 4f11 Er3 manifold. Ó 2000 Elsevier Science B.V. All
rights reserved.
PACS: 42.70C; 78.55
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1. Introduction
The versatility of glasses and the broader
emission and absorption spectra they provide, as
compared with crystalline hosts, have led to the
use of rare earth-doped glasses in many applications, thus stimulating, in the last decade, an increasing interest in their properties from both a
spectroscopic (for a recent review, see [1]) and a
technological point of view (for recent reviews, see
[2,3]). Infrared lasers, optical ®bre ampli®ers and
energy up-converters are the most successful
achievements based on the use of these systems as
active materials [4±8]. Among the numerous rare
*
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earth-doped glass materials, Er-doped glass has
attracted much interest, since its ®rst operation as
laser material in 1965 [9], for telemetry and laser
ranging applications, mostly due to the Er3 ion
transition around 1.5 lm, which is an eye-safe
wavelength. More recently, with the development
of the strained-layer InGaAs laser diodes emitting
at 980 nm wavelength, laser physicists have in
particular been actively considering continuous
wave laser oscillators based on Er3 -doped glasses
and optical ®bres. This interest was also stimulated
by the successful operation of the Er-doped ®bre
ampli®er pumped at 980 nm wavelength [10],
which rapidly turned out to be a key component in
all modern optical transmission systems.
The 4f11 electronic con®guration of the Er ions
is split by the electrostatic and spin±orbit interactions into several manifolds of states. The lowest in
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energy are the quartets 4 I15=2 , 4 I13=2 , 4 I11=2 , 4 I9=2 ,
and the next higher levels are the quartets 4 F9=2
and 4 S3=2 . All these levels and the other excited
states span the near infrared and visible spectrum,
thus making the Er3 ion one of the most easily
pumped dopants. However, since Er-doped glasses
act as three-level gain systems at 1.5 lm, codoping
with Yb is often used to enhance the absorption
and pumping eciency in short-length active materials employed in compact laser devices and high
power optical ampli®ers. In fact, the Yb3 ion has
13 4f electrons and therefore the energy levels are
analogous to those of an ion with a single f electron, with inverted order of the spin-orbit levels.
The 2 F7=2 is thus the ground state and the 2 F5=2 the
next excited state of the ion. Because the spectral
region of the 2 F7=2 ® 2 F5=2 Yb3 transition overlaps that of the 4 I15=2 ® 4 I11=2 transition, it is possible to achieve an eective Yb to Er transfer
mechanism of the excitation energy [11,12], and in
the last few years many authors have successfully
demonstrated pulsed as well as continuous wave
operation of Er±Yb-doped glass lasers [11,13±16].
In particular, to obtain an eective energy transfer,
the back energy transfer process from Er to Yb
needs to be minimised by a fast non-radiative
multiphonon decay of the Er ions from the 4 I11=2
pump level to the 4 I13=2 level. High phonon energy
glasses, such as phosphate glasses, enhance the
multiphonon decay probability and they are
therefore suitable host candidates [1,11]. In spite of
the extensive investigations of Er-doped glasses
and of the interesting experimental results obtained with Er±Yb-doped phosphate glass lasers,
some of the basic spectroscopic properties of these
active materials are still not completely clari®ed.
In this work we focus on three Er±Yb-doped
phosphate glasses, which appear to be among the
best active materials for bulk and wave-guide lasers as well as for short ®bre lasers, having a very
high phonon energy and, consequently, a higher
energy transfer eciency. In order to characterise
the spectroscopic properties of Er- and Er±Ybdoped phosphate glasses following parameters
were measured in samples with dierent concentrations of dopant and codopant ions at dierent
temperatures: (i) the absorption spectra in the 1.2±
1.6 lm interval; (ii) the emission spectra in the

1.5 lm spectral region; (iii) the absorption spectra
in the pumping region around 1 lm; (iv) the ¯uorescence lifetime of the long lived 4 I13=2 level of
the Er3 ion (upper level for the 1.5 lm transition);
(v) the ESA from the 4 I13=2 level. From these detailed investigations we derived interesting information on the shape of absorption and emission
bands due to the local ®eld felt by the Er3 ions,
line broadening mechanisms, eciency of the
pumping process at dierent wavelengths and we
were able to calculate the absolute value of the
spectral emission cross section at 1.5 lm.

2. Experiment
The experiments were performed using three
samples with dierent dopant concentrations,
supplied by Kigre. The glass base composition
involves P2 O5 , ZnO, Al2 O3 , Er2 O3 and, in codoped
samples, Yb2 O3 . The ®rst sample, hereafter denoted as sample A, is a commercial glass base
named QE7, with nominal 1 ´ 1019 ions cmÿ3 Er3
and 1 ´ 1021 ions cmÿ3 Yb3 concentrations. Samples B and C are custom-made glass bases, designed with the aim of spectroscopic investigations,
containing, respectively, Er and Yb ions with
comparable concentrations (B) and only Er ions
(C). The relative concentrations of the rare earths
in these samples were derived from the absorption
measurements, to be discussed in the following
section, and are reported in Table 1.
For each sample, the absorption spectra were
measured using a Perkin Elmer k19 spectrophotometer. The emission spectra were measured at
90° with respect to the excitation beam through a
Jobin Yvon H25 monochromator by an Hamamatsu cooled Ge detector. The excitation light was
provided by a tungsten lamp ®ltered by a Jobin
Table 1
Rare earth-dopant concentrations in the three investigated
samples
Sample A
Sample B
Sample C

Er3

Yb3

1019 cmÿ3
9 ´ 1019 cmÿ3
1.5 ´ 1020 cmÿ3

1021 cmÿ3
5 ´ 1019 cmÿ3
±
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Yvon H10 monochromator or by an InGaAlAs
laser diode (Opto Power, model OPC-A001-980CT/100) tuned at 980 nm. The lifetime of the Er
4
I13=2 level (the upper laser level) was measured
using a mechanically chopped laser-diode excitation and detecting the modulated ¯uorescence intensity as a function of the modulation frequency.
All the above measurements were performed at
dierent temperatures in the 10±300 K interval
using a variable temperature, closed cycle, He
cryostat.

3. Results and discussion
Fig. 1 shows a simpli®ed energy level diagram
of the Er±Yb system in phosphate glass and the
processes of main interest for pumping in the 980
nm band in order to achieve optical ampli®cation
and laser action. In the following, we will present
the results of our investigations for the processes
of ground state absorption between the 4 I15=2 and
4
I13=2 manifolds, emission between 4 I13=2 and 4 I15=2
manifolds, ground state absorption between the
4
I15=2 and 4 I11=2 manifolds, and ESA from the 4 I13=2
manifold.
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cation window. For a three-level gain system such
as Er3 at 1500 nm, in fact, not only the stimulated
emission but also the absorption cross section play
important roles in determining the performance of
a device.
The absorption spectra of the three samples A,
B, and C at T  10 K are shown as solid lines in
Fig. 2. The three spectra are fairly similar, the
main dierence arising from the sharper structures
in sample C where the main peak shows a distinct
splitting. From the intensity of the main absorption peaks the Er relative concentrations of the
three samples is found to be proportional to
1:9:15. We assume that, at 10 K, only the lowest
level of the 4 I15=2 manifold is populated, split by
the local ®eld of the ions surrounding the Er3
dopant. Therefore the shape of the absorption
curve should re¯ect the transition probabilities
from the lowest ground state to the manifold of
the 4 I13=2 excited state. The local Stark ®eld splits

3.1. Absorption 4 I15=2 !4 I13=2
The spectral region of the 4 I15=2 ® 4 I13=2 transition is of particular interest because it lies at
around the 1500 nm third optical telecommuni-

Fig. 1. Schematic representation of the levels involved in the
optical processes. The solid line arrows indicate the absorption
and emission transitions for the Er3 and Yb3 ions. The wavy
lines represents the non-radiative decay 4 I11=2 ® 4 I13=2 and the
thin arrow stands for the energy transfer.

Fig. 2. Er3 4 I15=2 ® 4 I13=2 absorption spectra, measured at 10 K
(solid lines) and room temperature (dashed lines), of the three
samples.
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this manifold into seven states and thus we should
observe an absorption line-shape consisting of a
sum of seven Gaussian bands. Even if some
structures are present in the line-shapes of Fig. 2
we cannot assign with certainty the observed peak
positions to the seven Er3 expected transitions. In
fact, each transition is inhomogeneously broadened due to the presence of dierent local sites for
the Er ions, each site absorbing at slightly dierent
energy. Some general remarks can however be
made based on the results of Fig. 2:
· the total splitting of the 4 I13=2 manifold is of the
order of 250 cmÿ1 , very similar to the results obtained in several crystalline hosts (BaY2 F8 [17],
YSGG [18], CaYAlO4 [19]),
· the transition at lower energy are in all three
samples much narrower than those at higher energy. No explanation is at present available for
the dierent behaviour of the lower and the
higher energy transitions of the crystal ®eld split
4
I13=2 manifold.
However, the marked dierence in width of the
lower energy bands with respect to the higher energy bands is also present in the case of BaY2 F8
single crystal doped with Er [17]. In the crystalline
host all the lines are perfectly resolved and therefore the dierent width of the bands may be related
to an intrinsic property of the Er wave functions.
Upon increasing the temperature from 10 K to
room temperature, one observes the rising of the
absorption tail on the low energy side of the main
peak, and a variation of the shape on the high
energy side, together with a shift towards lower
energies of the second peak at about 1490 nm (see
Fig. 2). Both eects are clearly related to the
thermal population of the higher levels of
the ground state manifold, which brings to 56 the
number of potentially observable transitions at
high temperature. Apart from the change of the
overall shape of the absorption band, at wavelengths shorter than 1530 nm we did not observe
any sensible broadening of the absorption lineshape upon increasing the temperature. Inhomogeneous broadening, induced by the dierent local
®elds at the ion sites inside the glass matrix, appears thus to be the major contribution to the
absorption line-shape. A temperature dependent
homogeneous broadening, however, can be of

some relevance in the case of the sharp peak at
about 1530 nm and at longer wavelengths, although no quantitative estimates can be drawn,
due to the overlap with transitions from and to
dierent components of the two multiplets involved. A similar behaviour was found also for the
4
I13=2 ® 4 I15=2 transitions, responsible for the
emission spectra to be discussed in the next section. Upon a further increase in the temperature
we therefore do not expect any sensible increase in
the widths of both the absorption and emission
bands, as compared with those observed at room
temperature.
3.2. Emission 4 I13=2 !4 I15=2
As already mentioned in the introduction, this
transition is of the utmost importance as far as the
Er-doped glass is used as active material to achieve
optical ampli®cation. The large bandwidth of this
transition is in fact desirable for tuneable lasers to
have a wide wavelength range over which they
deliver relatively constant power. Similarly, optical
ampli®ers are more useful if they provide gain that
is relatively independent of signal wavelength. This
relaxes the wavelength tolerances on transmitters
in a single-channel system, and increases the
number of optical channels that can be multiplexed without gain compensation techniques in
wavelength division multiplexed systems.
We analysed the temperature dependence of the
emission line-shape for this transition upon excitation by an InGaAlAs laser diode tuned at 980
nm. At low temperature one can assume that only
the lowest level of the 4 I13=2 manifold is populated,
following the energy transfer from Yb to Er and
the subsequent fast relaxation process (1 ls)
from the excited 4 I11=2 of Er3 ions. The transitions
from the lowest 4 I13=2 to the Stark split 4 I15=2 level
should give rise to eight bands. Being at present
impossible to perform in our laboratory Fluorescent Line Narrowing Experiments [20] in order to
better resolve the emission line shape, we cannot
accurately determine the position of the Stark sublevels and their dependence on the site selective
excitation.
The results obtained in the three samples (Fig. 3)
are fairly close to each other again showing a
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Fig. 3. Emission spectra measured at 10 K of the Er3
4
I13=2 ® 4 I15=2 transition for the three samples.

broader half-width of the transitions related to the
higher levels of the 4 I15=2 manifold (i.e., those at
lower energy) moreover a clear trend is evident
showing a relative increase of the intensities of all
the bands at lower energy with respect to band at
6520 cmÿ1 with increasing Er content in the glass
base. Yb concentration does not seem to in¯uence
the emission spectra at low temperature, even if a
greater number of samples with dierent Yb concentrations would be necessary to further clarify
this point.
At higher temperatures the width of the emission band increases dramatically for the three
samples, as well apparent from the spectra recorded at room temperature shown in Fig. 4. Because of the dierent weights of the emission
sub-bands, the measurement of the overall spectral
widths does not provide, however, relevant information: the huge variation of the shape of the
emission spectra at high temperature is in fact
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Fig. 4. Er3 4 I13=2 ® 4 I15=2 emission spectra for the three samples at T  10 K and at room temperature.

mainly due to the onset of new transitions from
several thermally populated excited states of the
4
I13=2 manifold. The spectra at room temperature
in Fig. 4 show, indeed, also a relative intensity
increase with temperature of the bands located at
lower energies with respect to the emission peak.
On the other hand, at energies higher than that of
the peak, new emission sub-bands become increasingly populated with temperature. The overall emission bandwidth (full width at 1/e of the
peak intensity) turns out to be about three times
larger at room temperature than at 10 K. As a ®nal
note, from the spectra of Fig. 4 we observe that,
also at room temperature, the intensity of the
emission sub-bands at lower frequencies increases
with Er concentration, while at higher frequencies
the emission sub-bands appear more intense and
structured in the glass with the highest Yb content
(sample A). It can be inferred therefore that, at
room temperature, the energy transfer process
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from Yb to Er favours the population of the
higher excited levels of the 4 I13=2 Er manifold.
To provide a comprehensive evaluation of the
emission properties of the Er and Er±Yb-doped
phosphate glasses, we also measured the ¯uorescence lifetime of the 4 I13=2 Er excited state and we
calculated for the three samples the stimulated
emission cross section with the method of bÿs
integral [21], which relies only on the measurements of the spontaneous emission I(k) as a
function of the wavelength and of the ¯uorescence
lifetime sf . The ¯uorescence lifetime was measured
at 10 K and at room temperature by measuring the
¯uorescence intensity as a function of the modulation frequency of the pump, and the results for
the three samples are shown in Table 2.
The spectral emission cross section r(k) can be
determined using the following relationship [21]:
r k 

8 p n2

g k5
R
I k;
c sf kI k dk

Table 3
Stimulated emission cross section and peak wavelength of the
investigated samples and of other phosphate glasses doped with
Er and Yb
Sample

k (nm)

rmax
(10ÿ21 cm2 )

Ref.

Sample A-QE7
Sample B
Sample C

1535
1535
1535

7.7  0.5
7.6  0.5
8.9  0.9

Present data
Present data
Present data

QE7
Phosphate±Na±Mg
Phosphate LGS-E
Phosphate LGS-E7

1535
ÿ
ÿ
ÿ

8.0
8.2
7.7
7.9

[22]
[10]
[10]
[10]

1

where g is the branching ratio for the radiative
decay, k the emission wavelength, n the refractive
index of the glass, and c the velocity of light in
vacuum. In the above relation the ratio of the
emission intensity I(k) to its integral value (as
calculated in the denominator) makes the results
for r(k) independent of the geometry and of the
absolute calibration of the detection system. By
assuming in phosphate glass g  1 and by using the
measured lifetimes reported in Table 2, we were
able to obtain a quantitative evaluation of r(k) for
the three samples at low (10 K) and room temperature. The results for the peak emission cross
sections and the corresponding wavelengths at
room temperature are reported in Table 3 and turn
out to be in good agreement with those of other
Er-doped phosphate glasses already quoted in the
literature, shown for comparison in the same table.
Table 2
Lifetime sf of the Er3 emission 4 I13=2 ® 4 I15=2 for the three
samples at 10 K and at room temperature. kexc  980 nm
Temperature
(K)

Sample A sf
(ms)

Sample B sf
(ms)

Sample C sf
(ms)

10
300

9.8  0.5
7.7  0.5

9.9  0.5
7.5  0.5

7.0  0.5
5.1  0.5

Fig. 5. Stimulated emission cross section of sample C at room
temperature.

In Fig. 5 the whole spectral emission cross-section
as a function of wavelength is shown for sample C
at room temperature.
3.3. Er 4 I15=2 !4 I11=2 and Yb 2 F7=2 !2 F5=2 absorption transitions
These transitions and the dopants absorption in
the spectral region between 0.9 and 1 lm, where
high power InGaAs laser diodes are available, are
extremely important both in the case of direct
pumping of Er-doped glasses and for the optimisation of the pumping conditions and the Yb to Er
energy transfer process in codoped glasses. Erdoped optical ampli®ers pumped in this band have
in fact not only shown the best performance with
respect to gain and gain eciency, but have also
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achieved near quantum-limited noise ®gures of
about 3 dB and signal output powers in excess of
30 dBm. Laser outputs of several hundreds milliwatt have been demonstrated, with optical to optical eciency larger than 50%. This success is due
to the large absorption cross sections of both Er
and Yb for this band, coupled with the absence of
excited state absorption (ESA) from the 4 I13=2 Er
level in this wavelength interval, to be discussed in
the following.
To investigate the main spectral features of
both transitions, we measured the absorption
spectra of the three samples at low temperature (10
K), which are shown in Fig. 6. The absorption
spectrum of sample C, related only to the
4
I15=2 ® 4 I11=2 Er transition, shows a split absorption band at 969 and 978 nm with a peak absorption coecient of about 8 cmÿ1 . In samples A
and B the two Er bands are superimposed to those

Fig. 6. Absorption spectra in the 980 nm band of sample A (a),
sample B (b, solid line) and sample C (c). In (b) it is also shown
the contribution of Er3 to the absorption spectrum (dots),
obtained by subtracting the Yb3 absorption spectrum (dashed
line).
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of Yb. The main Yb band at 975 nm is accompanied with at least three higher-energy bands at
960, 935 and 916 nm. These latter bands do not
overlap those of Er and, from their peak intensities, we deduced that the Yb content of sample A is
about 20 times larger than that of sample B. Using
the ions content of sample A as a reference, we
calculated the concentration values reported in
Table 1. From the intensities of the Er and Yb
absorption bands in the 970±980 nm interval in
sample B and the concentrations of both ions reported in Table 1, we could then estimate that the
absorption cross sections of the two rare earth ions
in these bands are of the same order of magnitude,
at odd with the results quoted in Ref. [22].
3.4. Excited state absorption from 4 I13=2
A main dissipative process in Er-doped glasses
used as active materials at 1.5 lm is the excitedstate absorption (ESA) from the metastable 4 I13=2
level. In fact photons absorbed in transitions
originating from the 4 I13=2 level result are lost,
being the excitation energy released through fast
non-radiative processes. A detailed investigation
of ESA is of great important for a proper choice of
the pump wavelength. Indeed, ESA of pump
photons strongly aect the pumping eciency
[23,24]. We performed accurate ESA measurements by pumping the sample with 980 nm radiation and testing the pump-induced absorption in
the 450±1200 nm wavelength interval to cover all
pump wavelengths of interest. In Fig. 7 we show
the comparison between the ground-state absorption (GSA, dashed line) and the pump induced
change in the absorption coecient (ESA, solid
line). A positive change means that absorption
cross section of the 4 I13=2 is greater than the absorption cross-section of 4 I15=2 . The negative signal
re¯ects the decrease of the absorption due to the
depleted population of the ground state 4 I15=2 .
From Fig. 7 we can conclude that 980 nm radiation does not suer from ESA and it is suitable as
an eective pump wavelength. The other promising candidate, the 800 nm pump band, is aected
at its blue edge by ESA, which decreases the
pumping eciency especially when the 4 I13=2 level
is strongly populated as in high-loss cavity lasers.
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Fig. 7. Excited State Absorption (ESA, solid line) and Ground
State Absorption (GSA, dashed line) spectra of sample C at
10 K.
Table 4
Final level and wavelength corresponding to the measured ESA
transitions from the 4 I13=2 level
Final level
2

G9=2
G11=2
2
H9=2
4
F5=2 ±4 F3=2
4
F7=2
2
H11=2
4
S3=2
4
F9=2
4

concentrations were thoroughly investigated at
low and room temperature with the aim of getting
further insights on the energy levels, crystal ®eld
interactions and line broadening mechanisms in
phosphate glasses. In addition, the 4 I13=2 -¯uorescence lifetime was carefully measured and the
stimulated emission cross sections were determined. Ground state absorption (GSA) spectra in
the 980 nm pump band at low temperature were
recorded and accurate ESA measurements after
excitation at 980 nm were also performed. The
results obtained provide useful guidelines for the
choice of Er and Yb concentrations as well as for
modelling and optimising the performance of lasers and optical ampli®ers based on Er-and Er±
Yb-doped phosphate glasses.

Wavelength (nm)
Sample A

Sample B

Sample C

477
503
553
635
708
782
841
1136

478
504
552
637
708
783
842
1127

478
504
552
637
710
782
841
1126

Table 4 summarises the ESA transitions for the
three samples. It may be noted that samples A and
B do not show any special feature due to Yb codoping. Nearly all observed ESA bands coincide
with those reported in the literature [1]. In addition
we observed few extra bands in the region of high
energies. As compared with [1] we note a slightly
down shifting of 5±10 nm of our band peaks till
the 708 nm transition and a 5 nm red shift for the
2
H9=2 ESA transition peak wavelength. We attribute the slightly reported dierences to the
somewhat arbitrary deconvolution of the contributions of ESA and GSA absorption spectra.

4. Conclusions
The spectroscopic properties of Er and Er±Ybdoped glasses in three samples with dierent ions
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