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Er3t- and Er3t /Yb3+-doped lead germanate glasses that are suitable for use in fibre lasers and optical amplifiers

as well as optical waveguide devices have been fabricated and characterized. The absorption spectra from near-infrared

to visible were obtained and the Judd—Ofelt parameters were determined from the absorption band. Intense and broad

1.53pum infrared fluorescence and visible upconversion luminescence were observed under 976 nm diode laser excitation.
For 1.53um emission band, the full widths at half-maximum are 36, 37, 51 nm for GPE, GPYE and GPFE samples,

respectively. For frequency upconversion emission, the intense bands centred at around 524, 545, 657nm are due to the

4S3/2 + 2H11/2 — 4115/2 and 4F9/2 — 4115/2 transitions of Er3t ions. The quadratic dependence of the green and red

emissions on excitation power indicates that the two-photon absorption process occurs under the 976nm excitation.
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1. Introduction

Over the past decades, much attention has been
paid to the development of infrared and upconver-
sion lasers and optical amplifiers. Laser emission
and amplified spontaneous emission studies have been
reported in crystal, bulk glasses, and optical fibres
doped with rare-earth ions such as Er3t, Yb3+, Tm3t,
Pr3t, and Ho®t etc.!'=4 Of the doping host materi-
als, bulk glass particularly attracts much interest be-
cause it can be drawn into a fibre and fabricated into a
channel waveguide. Recently, numerous reports have
been available, in which detailed spectroscopic prop-
erties of Er®t were analysed in many glasses such as
silicate, phosphate, borate, germanate, and fluoride
[5-9] Bach glass host presents certain charac-
Fluoride

glass often acts as the frequency upconversion host

glasses.

teristics that favour specific applications.

material due to its lower phonon energy.'%1! But
few reports are available for fluoride glass acting as
the amplifier host because of its poor chemical dura-
bility. Silicate glass has been investigated as the op-

tical amplifier material because it possesses a good

chemical durability and strong mechanical strength.
However, it is difficult to obtain frequency upconver-
sion emission in silicate glass due to its large phonon
energy. A host glass is desirable to present mediate
phonon energy to achieve the frequency upconversion
and minimal absorption coefficient within the wave-
length range of interest to obtain an appropriate sig-
nal gain. In particular, germanate glasses have re-
cently been investigated because of their potential as
a frequency upconversion laser material and optical

amplifiers.[12—14]

In this work, lead germanate glasses have been
chosen as host materials to study the spectroscopic
properties of Er3t. These glasses possess good chem-
ical durability in air atmosphere, strong mechanical
strength, high optical damage threshold, and good
compatibility with waveguide fabrication process.[5]
This glass system also has no tendency to crystallize
and can be prepared at relatively low temperatures.[*¢]
As previously reported, they are suitable for develop-
ing low loss, high strength and low cost fibres and

waveguide devices.[17—20]
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2.Experiment

2.1. Glass composition and preparation

Three samples of Er®t-doped lead germanate
glasses were prepared by mixing anhydrous Pb3QOy,
PbF;, GeOs, and EroOs; powders.
tion of the glasses expressed in mol% for the “GPE”,
“GPYE” and “GPFE” are as follows, respectively:
(i) 60Ge02-40Pb0O-0.3Ery03, (ii) 60GeO2-40PbO-
0.3Yb203-0.3Ery03, (iii) 60GeO2-30PbO-10PbF2-
0.5Er203. Pb3O4 and PbFy were of common reagent
grade while GeOy was of 99.999% purity, and EryO3
and YboO3 were of 99.99% purity. The appropriate

The composi-

masses of starting materials were carefully weighed
and homogeneously blended in 20g batches. The mix-
tures were melted in alumina crucibles in a SiC- re-
sistance electric furnace at a temperature of 1050°C
and held for 10min. The melts were cast onto a stain-
less steel plate and then annealed at 380°C for 2h and
allowed to cool to room temperature in a furnace at
a rate of 5°C per hour. The annealed samples were
cut using a slow speed diamond saw to dimensions of
15%x20x2 mm and two big parallel faces were polished
on a steel plate coated with 3000 mesh corundum for

optical measurement.
2.2. Property measurements

The refractive indices of the studied glasses
were measured using the Brewster angle method at
two wavelengths. For samples GPE and GPYE,
ng=1.94113 and n.=1.93158 at A=587.6nm and
A=656.3nm, respectively. For samples GPFE,
ng=1.84422 and n.=1.83300 at A=587.6nm and
A=656.3nm, The

dices of the three samples at other wavelengths

respectively. refractive in-

can be calculated from Sellmeier dispersion equa-

S\?

tion n2(/\):1—{—/\2 /\2,[21] where A\g=130.2nm and
— g

5=0.895 for samples GPE and GPYE, \¢=148.2nm

and $=0.791 for the GPFE sample.

The density was measured using Archimedes’

liquid-immersion method on an analytical balance
with an accuracy of 0.0001g. The density of samples
GPE and GPYE was 6.4362g/cm?® and 6.2479g/cm3
for sample GPFE.

Absorption spectra of the glass samples
were recorded with a PERKIN-ELMER-LAMBDA
900UV /VIS/NIR spectrophotometer in the range of
380-1700nm. The fluorescence emission was dispersed

using a 0.5m spectrometer, with a resolution of 0.5

nm, coupled to a photomultiplier. The signals were
recorded using a digital storage oscilloscope connected
to a computer. The fluorescence lifetime for the *I;5 /2
level of Er®t was measured with a modulated light
source from the InGaAs-photodiode (f=160kHz) and
a 100MHz oscilloscope.
measurements were performed with a 976nm laser
diode (2W) excitation and detected by a TRIAX550

spectrophotometer controlled by a computer.

Upconversion luminescence

All the measurements were taken at room tem-

perature.

3. Results and discussions

3.1. Absorption spectra and Judd—Ofelt analy-
sis

The absorption spectra of the studied glasses are
shown in Fig.1, in which the band assignments are
also indicated. For the three glasses the only differ-
ences are some changes in the relative band intensities.
Absorption edges due to the glasses are all at about
380nm.

The radiative transition within 4f™ configura-
tion of a rare-earth ion can be analyzed by Judd-
Ofelt (J-O) approach.? The oscillator strength fea
of an electric-dipole transition between the initial
state |(S,L)J) and the final state |(S’,L')J) is given
by [10,23]

o = 8m2mec (n? + 2)2
' T 3hA(2 + 1) 9n
x Y S DTS, )T, (1)
=2,4,6

where m is the electron mass, ¢ the speed of light, X
is the mean wavelength between the two levels, n is
the refractive index of the medium, h is the Planck’s
constant, §2, are J-O intensity parameters, (||U®)]|)
are the double-reduced matrix elements of unit tensor
operators that are considered to be independent of the
host matrix.

The experimental oscillator strengths can be ob-
tained by integrating the absorbance for each band,

and the relationship is [24

mec? y 2.303
me2 X2 N, l

Jexp = /OD()\)d/\, (2)
where e is the electron charge, Ny is the number den-
sity of rare-earth ions, [ is the sample thickness, and
OD(]) is the optical density of absorption band asso-

ciated with the transition considered.
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the

strength exerts a considerable effect to the total radia-

Inasmuch as magnetic-dipole oscillator
tive transition probability, one has to subtract it from
the experimental oscillator strength. The magnetic-
dipole contribution, f4, can be obtained from the
refractive index of the glasses and the formula as re-
ported in Ref.[10].

Table 1. Judd-Ofelt intensity parameters in Er3+-doped
GPE, GPYE, GPFE glasses.

Glass 25 24 26 rms* (x1077)
GPE 4.22 1.52 0.69 1.40
GPYE 4.21 1.51 0.71 1.30
GPFE 3.25 1.32 0.81 1.20

*rms represents the root-mean-square deviation.

J-0O intensity parameters can be derived from the
electric-dipole contributions of the experimental oscil-
lator strengths by a least-squares fitting method. For
the Er3* /Yb3* co-doped GPYE glass the 4115/2 —

14 /2 transition is not included in our analysis since

Table 2. Intensity parameters, £2;(1072%cm

the intense absorption of the 2F /2 level of Yb3t is ob-
served at the same wavelength region (900-1000nm),
as shown in Fig.1. The J-O intensity parameters for
glasses GPE, GPYE and GPFE are list in Table 1. It
is obvious that the J-O intensity parameters are al-
most the same for the glasses GPE and GPYE within
the uncertainty of calculation. This indicates that the
addition of Yb3t ions has little effect on the ligand
field of Er3*. Furthermore, in each glass the 2 pa-
rameter is larger than the other parameters. A similar
trend also was found in other glasses.[¥l The magni-
tude of {2 parameter, which bears a higher sensitivity
to the chemical nature of the host, is indicative of the
amount of covalent bonding, and the (2 parameter
is related to the rigidity of the host.?®/ As compared
with 2, of the other glasses, as shown in Table 2,[25]
chemical bonds associated with rare-earth ions in the
glasses under investigation seem to be more ionic in

nature due to the high concentration of PbO.

2) of Er3t in some glasses.

Glass 25/10720cm? 24/10720cm? £26/10720cm?

Aluminate 5.60 1.60 0.61

Phosphate 6.65 1.52 1.11

Silicate 4.23 1.04 0.61

PbO-Biz03-Gag0O3 4.73 1.31 0.94

Fluoride 291 1.27 1.11

Some important radiative properties can be calcu- s
lated by use of the values of £2;. The total spontaneous By = Ay _ (5)
transition probability is given by [26] Z Ajgg
Ay = 64me? _ 7 N

3h(2J 4 1)A3 Tables 3 and 4 show the spontaneous transition prob-
n(n? + 2)2 5 abilities, the branching ratios, and the calculated life-
x (?S‘*d +n Smd) ’ () times of the optical transitions in Yb3*/Er3t co-

where

Sea=¢€> > R[S, L)J|[UD|(S', L"),
t=2,4,6
and

62

T im2e2
Ay is related to the radiative lifetime 7 of an ex-
cited state by

Smd (S, L)J||L +28]|(S", L) J") %

(4)

TR

1
> A
—

and the branching ratio Bj;:, corresponding to the
emission from an excited level |(S’, L')J) to |(S, L).J),

doped GPYE and single Er3t-doped GPFE glass, re-
spectively. According to our results, the spontaneous
transition rates in Yb3* /Er3t co-doped GPYE glass
are higher than those in Er3*-doped GPFE glass for
most transitions. Two factors mainly contribute to
these increases. First one is the large (2, values, par-
ticularly a larger 2 value in GPYE glass than that
in GPFE glass. % is considered more affected by
the overlap integrals of 4f and 5d orbits than {%and
£2,.125] The increase of {25 value indicates the increase
of these overlap integrals and suggests 6s electron den-
sity is smaller. The second is the refractive index n of

GPYE glass which is higher than that of GPFE glass,

resulting in an increase of radiative transitions. The
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branching ratios for the transitions 4S5 /2 = Ty5 /2 and
4F9/2 — 4115/2 in GPYE are 67% and 91%, in GPFE
are 67% and 94%, respectively. Thus, it is possible

to obtain efficient green and red emissions in these

glasses under suitable excitation conditions.

Table 3. Predicted spontaneous radiative transition rates and lifetimes of Yb3+, Er3+ co-doped GPYE glass.

Transitions Energy/cm™1 Agq/s™1* Apa/s™* B TR
1372 21152 6521 123.2 71.0 1 5.15
1172 2152 10235 171.7 0.81 4.70

Ty3/2 3714 20.7 20.5 0.19
g2 =152 12495 217.3 0.80 3.69
132 5974 49.6 0.18
112 2260 4.2 0.02
1Fg/0 =152 15312 2163.6 0.91 0.42
Ti3/2 8791 117.6 0.05
4119 5077 79.3 0.03
g2 2817 4.8 0.01
183/2 =152 18365 1319.1 0.67 0.5
132 11844 539.6 0.27
112 8310 46.4 0.02
g9 5870 77.5 0.04
ZHy1/2 21152 19171 11376.7
1F7/9 =150 20492 3868.2
1F5/0 =152 22158 1589.1
* Aeq and Ap,g denote the electric-dipole and magnetic-dipole transition probabilities, respectively.

Table 4. Predicted spontaneous radiative transition rates and lifetimes of the Er3+-doped GPFE glass.

Transitions Energy/cm ™! Agq /st Ampa/st B R
1372 241152 6528 109.8 60.2 1 5.9
1172 21152 10250 147.6 0.80 5.5

Ty3/2 3722 183. 17.5 0.20
g/ =159 12502 157.9 0.76 4.79
132 5974 47.2 0.226
119 2252 3.6 0.014
1Fg/9 =152 15349 1717.3 0.94 0.55
139 8821 89.9 0.05
41119 5099 131. 0.007
g2 2847 3.2 0.003
185/9 =159 18365 1269.8 0.67 0.53
132 11837 513.7 0.27
112 8115 40.7 0.02
g9 5863 67.2 0.04
2Hy1/2 21152 19172 7586.1
1F7 /9 =159 20492 3425.5

3.2. Luminescence

The fluorescence spectra are shown in Fig.2. Sig-
nificant enhancement for the 1.53um infrared emission
in Yb3+ /Er®t co-doped GPYE glass can be observed.
There are two factors mainly contributing to this in-

tense emission. First, the larger spontaneous transi-

tion rates of the 4113/2 level in the GPE and GPYE
glasses make them strongly emitting at 1.53um. The
second is the introduction of Yb3t ions, which results
in the increase of optical absorption of the GPYE glass
at 976nm. The populations of 4111/2 and 4113/2 levels
are increased because of the energy transfer between
the excited 2F5/2 state of Yb31 and the 4115/2 ground
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level of Erd3*t.
diative emission from the 4I;4 /2 level is increased in
the GPYE glass. The lifetimes of the *I;5 /2 level are
3.2, 4.2, 5.6 ms for GPE, GPYE, and GPFE glass,

respectively. Within the error of determination, the

Consequently, the probability of ra-

quantum efficiency for the *I;5 /2 level in GPFE glass
is almost 100%, while for GPE and GPYE glasses
the quantum efficiencies are 62% and 82%. Such fea-
tures may result from the fluorescence quenching of
hydroxyl (OH) impurity in GPE and GPYE glasses.
The infrared transmission spectra, shown in Fig.3, re-
veal that a broad absorption band of OH group in
the range 2.77-3.57um exists in the glasses GPE and
GPYE. With the substitution of PbO with PbF5 the
content of OH group in GPFE glass decreases and
the IR transmission rate of glass increases. During
the melting process, the following reaction may occur:

PbF; +H,O—PbO-+2HF.

F
e Yb%+, Er®+-codoped GeOz-PbO
11/2
'1'3 4S 41
3/2 11/2
g / *Fy 2 /2 ) *Lia/2
S
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|
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Fig.1. Absorption spectra of GPE, GPYE and GPFE

glasses.
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Fig.2. Infrared fluorescence spectra of GPE, GPYE
and GPFE glasses excited by a 976nm diode laser.
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Fig.4. FWHM and peak wavelength in Er3t-doped
GPE, GPYE and GPFE glasses.

In different glass hosts the full width at half max-
imum (FWHM) of the fluorescence spectrum is often
used as a semiquantitative indication to evaluate the
bandwidth. Furthermore, the bandwidth is a mea-
sure of the overall extent of the stark splitting of J
manifolds and is inhomogeneous due to the site-to-
site variations in the local field.2527] Figure 4 shows
the peak wavelength and FWHM of the investigated
glasses. The same peak wavelength and FWHM of the
fluorescence spectra in the GPE and GPYE glasses
confirm that the local structure surrounding the Er3+
ions is almost the same in these two glasses. The
larger FWHM value of the Er3t-doped GPFE glass
results from the mixed anion effect and the larger dis-
order structure at different rare-earth sites due to the
addition of F~.

in sites connecting lead—oxygen units, forming weak

Fluorine ions replace oxygen ions

bonds and effectively depolymerizing the structure.
This feature is also revealed by the calculated J-O in-
tensity parameters. The value of {2 of the GPFE glass
is smaller than that of the GPYE and GPE glasses,
indicating that the crystal field strength at Er sites
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decreases in the GPFE glass.
field strength should be reflected in a decreased crys-
tal field splitting of the J states. This is confirmed
by the observation of a shift of absorption bands to

The reduced crystal

shorter wavelength, as shown in Fig.4. The variation
of crystal field from site to site mainly contributes
to the inhomogeneous broadening of the luminescence
band at 1.53pm.

3.3. Upconversion fluorescence

The visible-wavelength-range emission spectra of
the Er3* /Yb3* co-doped GPYE glass and of the sin-
gle Er®*-doped GPFE glass excited by a 976nm diode
laser are shown in Fig.5. In our experiments, the green
and red upconversion fluorescence in sample GPYE
and GPFE were easily observed but difficult to see
with the naked eye in sample GPE. The green bands
at 524 and 545 nm correspond to the 4S3/2 — 4115/2
and 2Hy, /2 = T4 /2 optical transitions, respectively.
The red weak emission at 657nm is associated with the
iF, /2 = 45 /2 transition. The stronger upconversion
emission, as shown in Fig.5, in the GPFE glass arises
from the low quenching effects of OH groups and the
high doping concentration of Er3t.

Intensity/arb.units
w

&
650 700

0 UG N L
500 550 600
Wavelength/nm

Fig.5. Upconversion spectra of Er®*-doped GPFE
and Er3t/Yb3+ co-doped GPYE glasses under 976

nm excitation.

In an upconversion mechanism the upconversion
emission intensity Iyp is proportional to the mth
power of the infrared (IR) excitation intensity Iig,
ie. [28]

IUP o8 IITln{: (6)

where m is the number of the IR photons absorbed per
upconversion photon emitted. A plot of loglyp versus
loglir yields a straight line with slope m. Figure 6
shows such a plot for the 524, 545 and 657nm emis-
sions in the GPFE glass, and the values of m obtained

were 1.87, 1.78 and 1.86, respectively. In the GPYE
glass the values of m obtained were 1.79, 1.80 and 1.80.
The small fluctuation of the slope within +0.1 possibly
results from the inhomogeneity of the glass sample or
the effect of Yb3t on the anti-Stokes transitions. The
fact that the slope is smaller than 2 comes mainly
from a saturation effect because the pump beam was
focused into the sample. Similar effects due to sat-
uration have been observed and discussed.??] These
results confirm that two photons contribute to the up-

conversion of the three visible emission bands.

1.6
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0.0 A 657nm slope=1.86
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log[pump power(mW)]

Fig.6. Dependence of upconversion emission inten-
sity on excitation power under 976nm excitation for
Er®*-doped GPFE glass.

The possible upconversion mechanisms in the
glasses are shown in Fig.7. When the GPFE glass
is directly excited at 976nm, the energy is stored in
the 414, /2 level. Subsequently, part of the excited en-
ergy in the 4I; /2 level relaxes nonradiatively to the
4113/2 level and part of the excited 4111/2 Er3* ions
absorb a 976 nm photon to the 4F7/2 level. The ex-
cited energy stored in the 4F7/2 level relaxes non-
radiatively to the 2Hj, s2 level because of the low
energy gap:
GPFE glass.
lished between the 2H; /2 and 4S3/2 levels, result-

for example, about 1300cm™! in the

A fast thermal equilibrium is estab-

ing in the intense green emission.?Y In addition,
the energy transfer (ET) through the “I;; /2 level
should also be considered and can be described as
2Bt (Y11 )2) —Er*t(*Fy)9)+ Er®t(Y113,0), but its
contributions are much smaller than those of the
excited-state absorption (ESA) from the 4111/2 level
due to the relatively low concentration of Er3*t (less
than 1mol%).[*!] For the red upconversion, the popu-
lation of the “Fy /2 level is the total results of ET and
ESA processes from the *I;5 /2 level and a contribu-
tion from the higher energy “Ss; /2 level by nonradia-
tive relaxation. The ET and ESA processes can be de-
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scribed as Er3* (4113/2)—|—Er3+ (4111/2) SEr3t (4F9/2)+
Er3t(*15,5) and Er*t(*1;3,,) + a photon —
Erdt (4F9/2), respectively.

24 »
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Fig.7. Simplified energy-level diagram of the Yb3+
and Er3t ions.

photons and the downward ones stand for fluorescence

Upward arrows indicate excitation

emission.

Figure 7 also shows the possible upconversion
mechanism in the Er3*/ Yb3* co-doped GPYE glass.
The excitation processes for 524 and 545nm green

bands are as follows:

Er’* (*15/5) + a photon — Er’* (L1 j5);  (7a)

2EI‘3+ (4111/2) — EI‘3+ (4F7/2) + EI‘3+ (4115/2); (78)
Ert (4111/2) + a photon — Er®* (4F7/2). (7)

The population of the I4 /2 level increases with Yb3t
doped as a result of the energy transfer from Yb3+
(*F5/2) to Er**(*I;;/5). Hence, sample GPYE should
be more efficient in upconversion emission than sam-

ple GPFE. However,

quenches the upconversion emission to such a great

the OH group in the sample

extent that we observed a weak green emission.
4. Conclusions

Er3*-doped GPE and GPFE glasses and Er3t/
Yb3t co-doped GPYE glass have been fabricated and
characterized. According to Judd—Ofelt theory we de-
termined the J-O intensity parameters, the radiative
transition rates, and the fluorescence lifetimes. In-
tense fluorescence at 1.53um and efficient upconver-
sion emissions were observed in Er®t-doped GPFE
In GPYE glass the rel-

ative low lifetime of the 4I;5 /2 level of Er3* ions and

glass at room temperature.

lower upconversion emission may result from the ex-
The addition of
PbF; can remove the residual OH group in the melt-

istence of OH group in the glass.

ing and increase the infrared transmission rate of the
glass. The upconversion mechanisms of the GPYE
and GPFE glasses and the sensitization of Yb3* have
been discussed. In the Er3* single-doped GPFE glass,
the ESA process from the *I;; /2 level is the main fac-
tor to contribute to the intense green emission, while
in the GPYE glass the ET between the 2F5 /2 level of
Yb3t and the4111/21evel of Er3* and ESA from the

4111/2 level of Er3* are both main factors.

Yb®*(2F7/2) + a photon — Yb*(*Fy5); (7b)
Yb** (Fs)5) + Er*t (*115)0) —
Yb*t (2 Fr/2) + E1”3+(4111/2)§ (7c)
b3+( F5/2) + Er3+(4111/2) —
Ybt (2 Fr/2) + Er3+(4F7/2); (7d)
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