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Abstract: The Er’":Yb*" co-doped potassium-lead-germanate glass with optimum ratio 0.5 mol. % of Er’" and 2.5
mol. % of Yb*" (1:5) was prepared by using the conventional melting and quenching method. Raman spectroscopy
and FT-IR were used to study the structure and the vibrational modes of this glass. Measurement of Raman
spectroscopy showed that the maximum phonon energy of this glass was approximately 811 cm™. Optical
absorption was measured to make it easy to choose the pump wavelength. X-ray diffraction confirmed that there
were no periodic arrangements in the glass; i.e. it was amorphous. Differential thermal confirmed the thermal
stability of this glass. The two probe method was used to investigate the electrical behavior and to measure the DC-
conductivity and its temperature dependence. The introduced here system was designed using a longitudinal
pumping source of 808 nm diode laser at different powers and the diagnoses of the system output was measured by
double monochromator (SpectraPro 500i of ACTON) in the range of 790-1800 nm. The system output was found to
increase with increasing the pumping power. The emission of the rod showed strong line at about 1600 nm. This
might confirm that the proposed here design of Er-glass laser can be used in telecommunication applications.
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1. Introduction:

The recent interest in optical amplifiers and lasers
based on rare earth doped fibers has stimulated a new
look at fiber fabrication methods. The use of optical
fiber to reduce the required pump power for gain in
glass lasers and amplifiers was first demonstrated in
the early 1960s by Snitzer and co-workers; revisited
in the 1970s by Stone and Burrus, it has been pursued
with vigor since 1985. The rebirth of this field has
been stimulated primarily by the application of
optical amplifiers and fiber lasers to optical
communications. [1]

Fabrication of suitable erbium-doped fiber is one
of the keys to creating an appropriate amplifier for a
particular application. Fortunately, many of the
methods used in fabricating low-loss silica
transmission fiber. In most cases the concentration of
erbium is low enough that the fabrication methods do
not entail a significant change in the fundamental
structure of the underlying glass host. [2]

Rare earth doped fibers can be fabricated by
a wide variety of methods, each suited for different
amplifier design needs. The concentration of rare
earth dopant ranges from very high (thousands of
ppm) in multicomponent glasses, to less than 1 ppm
in distributed erbium doped fibers. The background
losses are comparable to state-of-the-art transmission
grade fiber. The methods used to fabricate rare earth
doped optical fiber are, in general, variations on the

techniques used to produce low-loss communications
grade fiber. [2]

New compositions that offer improved amplifier
performance be it from a geometry or a host
composition perspective, will continue to challenge
the techniques of fabrication. Commercialization of
erbium-doped fiber amplifiers has required greater
attention to reproducibility of core and fiber
geometry, as well as dopant control to assure
uniformity of doping along the longitudinal and
transverse fiber axes. [2]

2. Materials and methods:

We use this potassium-lead-germanate glass
because it has high; mechanical strength, chemical
durability, thermal stability, refractive index, and
transmission in the IR range.

2.1 Preparation method:

The glass hosts with composition (in mol. %):
70Ge0,-20PbO-10K,0 where doped with a fixed
concentrations of Er'" (0.5 mol. %) and Yb*" (2.5
mol. %).

Melting the combination of the individual raw
materials at high temperature to form a molten glass
is the central phase in the production of glass. There
are numerous ways to melt glass in our work we use
the conventional melting. The well mixed powders
were melted in a covered platinum crucible in an
electric furnace (Carbolite furnace, RHF 14/9) at
1320 °C temperature for 20 min.
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2.2 Rod preparation:

Some of the melts were poured and rapidly
quenched by pressing between two stainless steel
plates kept at the room temperature for diagnoses
processes. The remaining quantity of the melts was
poured in a cylinder with a hole of 5 mm diameter
and 2.5 cm length to make the rod as shown in
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Fig.(1). Some pieces of the glass were polished
carefully for resistivity and refractive index
measurements. Some pieces were grounded well in
an agate mortar for the x-ray diffraction and
differential thermal analysis (DTA) measurements.
The rod was polished carefully from its ends to be
used in the amplifier.
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Fig.(1): Pouring process of the rod.

2.3 Methods of investigation
2.3.1 Measurements of Fourier Transform
infrared (FT-IR) spectra:

FTIR is most useful for identifying chemicals that
are either organic or inorganic. It can be utilized to
quantitate some components of an unknown mixture.
The FT-IR spectrometer (Bruker, IFS 66/S) used in
the spectral range of 400-4000 cm’ at room
temperature and the measurements were obtained
under the condition of dried air to avoid the IR
absorption by water or CO, vapors. The IR spectra of
the samples were taken on pressed KBr pellets. 2 mg
of each sample were ground with 100 mg of KBr into
a fine powder and pressed into pellets.

2.3.2 Measurement of Fourier Transform Raman
spectrum:

Raman scattering spectrum of the doped glass
sample was recorded with a FT-Raman spectrometer
(Nicolet 670), in the 100 - 1500 cm™ spectral range at
room temperature.

The excitation source is Nd*":YAG laser of
wavelength 1064 nm with a maximum power of 2W.
The laser beam is passed through the sample. Then
light scattered sideways from the sample is collected
by a lens and passed into an FT-interferometer to be
analyzed into its components. The signal is detected
by a sensitive InGaAs detector and after
amplification, it is processed by a computer which
plots the Raman spectrum.

2.3.3 Measurements of optical absorption:

Near UV/visible/near IR absorption spectra of
glass samples were obtained with Shimadzu (UV-
3101PC) double-beam spectrophotometer in the
spectral range of 350-1700 nm.

2.3.4 Fluorescence (normal emission)

The excitation source was Argon ion Ar' laser
(LEXEL 95) of wavelength 488 nm with a power of
150 mW. The emitted light from the sample is
collected by a lens and focused on the entrance slit of
a grating monochromator (Spex 750m) to be resolved
into its component wavelengths.

The light emerging from the monochromator is
detected with a photomultiplier detector with
associated high-voltage power supplies. The
photomultiplier tube converts the optical signal into
an electrical signal, which is then recorded and
amplified by a lock-in amplifier (SR 510). The scan
drive component is controlled by computer software
and allows the monochromator to turn so that all
wavelengths of the emitted light are swept (or
scanned) across the exit slit to the detector.

2.3.5 X-ray diffraction

The amorphous nature of the glass sample was
examined by x-ray powder diffraction using CukK,
radiation at A= 1.54A (Scintag, advanced diffraction
system) with nickel filter, over 20 range of 3-70°.
2.3.6 Differential Thermal Analysis (DTA)

DTA instrument measures the difference in
temperature between the sample and the reference
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material, which are exposed to the same heating
schedule via symmetric placement with respect to the
furnace. From the DTA curve the crystallization and
glass transitions temperature were measured and the
thermal stability factor AT was calculated. The DTA
measurements were performed with a differential
thermal analyzer (Shimadzu DTA-50 detector) at a
heating rate of 10 °C/min under nitrogen atmosphere
with 30 ml/min flow rate in the temperature range of
10-800 °C. About 50 mg of the powdered glass was
loaded in sample crucible and similar quantity of
fired Al,O; was used in the reference way of the
analyzer.
2.3.7 D.C. conductivity

We used the two probe method to observe the
temperature dependence of DC conductivity for our
sample. We make a silver conducting paint on the

polished faces of the glass sheet used then situated
them between two copper electrodes. The used dc
voltage is 24V. We measure the temperature with
heating rate of 5K/min from 312-625 K range using
thermocouples.

To calculate the DC conductivity ¢ of the sample
we use the relation:

o =1d/VA @)

Where d is the thickness of the sample, A is the area
of the paint on the sample, V is the voltage applied
between the two faces of the sample, and I is the
measured current.
2.4 Setup specifications

The setup consists of two mirrors, rod, and IR
laser. Fig.(2) shows the complete diagram of setup
used.

Computer
Fig.(2): The setup used.

For the detection process we used SpectraPro
500i of ACTON spectrometer. And we use a laser
diode of 808 nm wavelength and power of 50 w for
the pumping process. The characteristic curve of this
laser is shown in Fig(3).

There are two plane mirrors of 0.5 inch diameter
and 0.25 inch thickness used for the cavity resonator.
The rear mirror must be fully-reflecting (100%) and
the front mirror partially reflecting (80%). The
characteristics of these mirrors are shown in Figs.(4.a
and b).
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Fig.(3): The setup used Longitudinal pumping.
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Fig.(4.a): Characteristics of the reflecting face of 80%R mirror at 1540 nm.
Fig.(4.b): Characteristics of the reflecting face of 100%R mirror at 1540 nm.

3. Results and Discussion:

It is well known that the role of host material in
the performance of solid state lasers is fundamental
mainly for mechanical, thermal and specially optical
properties of the host. In order to optimize the
introduced here Er**-doped glass laser and amplifier
we thought that it is worth. While to start with first,
the glass matrix hosting both Er’* and Yb*" aiming to
achieve the optimum structure of this matrix yielding
the best optical, mechanical, and thermal properties
of this matrix. In one of our previous work [3] (Study
of some oxide-based glasses doped with rare earth
ions) we justified that the best structure was 70GeO,-
20PbO-10K,0. Second, what is the concentration of
the Er’* and Yb*" in the host material? It was found
that the best concentration from five different
concentrations (Er*": Yb*"; 1:0, 1:1, 1:3: 1:5) was 1:5
concentration of Er’*: Yb*" respectively. [3]

3.1 Characterization of the obtained glass and rod
3.1.1 Measurements of Fourier Transform
infrared (FT-IR) spectra

The FT-IR absorption spectrum of the doped
G70P20K o glass sample dispersed in KBr pellet, in the
spectral range of 400-1400 cm™ at room temperature,
is shown in Fig.(5). The spectrum is dominated by a
band centered at around 788 cm™, with other bands
centered at around 410, 550, and shoulder at 974cm’™.

These bands are interpreted as follows: The band at
around 410 cm™ could be attributed to the Ge-O-Pb
bridging vibrations, while the band at around 550 cm’
" is assigned to the symmetric stretching of oxygen
atoms in the Ge-O-Ge bridges [4]. The high-
frequency band at 788 cm™ could be assigned to the
symmetric stretching mode of Ge-O- bond with non-
bridge oxygen [5].

The shoulder at around 974 cm™” could be
assigned to the asymmetric stretching vibration mode
of Ge-O-Ge bridges connecting [GeO,] tetrahedral.
(6, 7]

3.1.2 Measurement of Fourier Transform Raman
spectrum:

The Raman spectrum of the undoped G7oP»Kjo
glass obtained at room temperature in the spectral
range of 100-1200 cm™ is shown in Fig.(6).

The Raman spectrum is deconvoluted using
Gaussian distribution to four bands centered at
around 209, 333, 529, and 811 cm™. By considering
the features of Raman scattering spectra for many
reported GeO,-based glasses, the spectrum for the
undoped G7oP»K;o glass is interpreted as follows:
The low-frequency band at around 209 ¢cm™ could be
attributed to vibrations involving the heavy metal
atoms Pb. [8] The band at around 333 cm’ is
assigned to the vibrations of Ge-O-Pb bridges. [8-10]
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The intermediate-frequency band at around 529 cm™
is assigned to the symmetric stretching vibrations of
Ge-O-Ge bridges connecting [GeOy] tetrahedra. [8, 6,
11] The high-frequency band at around 811 cm™ is
assigned to the symmetric stretching mode of the
[GeO,] tetrahedron with one non-bridge oxygen (i.e.,
Ge-O"bond). [6, 11]

Difference between IR and Raman spectra

There are some differences between IR and
Raman spectra such as the width of the bands; they
are sharper in Raman than in IR. The second
difference is the shift between Raman and IR bands.
The third difference is that the Raman spectrum
measurement depends on scattering but IR depends
on absorption.
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Fig.(5): The FT-IR absorption spectra of the Er**/Yb** co-doped glasses with 1:5 Er’*:Yb** concentration

ratio.
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Fig.(6): The Raman spectrum of the undoped G,P,)K;, glass as measured in our lab. [3]

3.1.3 Measurements of optical absorption:

The absorption spectra of the Er**/Yb*" co-doped
GoPyKyo glasses with 1:5 Er’":Yb*'concentration
ratio, in the 350-1700 nm spectral range at room
temperature, are shown in Fig.(7). The absorption
spectra consist of a number of inhomogeneously
broadened bands attributed to transitions occurring
within the 4f- shell of the rare earth ions. [12] The
broadening of the absorption bands is attributed to

the amorphous nature (absence of long-range order)
of the glass host. That is, in a glassy matrix, the local
environment around the rare earth ions varies from
site to site, leading to variations in the ligand field.
This results in slight broadening of the energy levels.
[13-15] Table (1) lists the absorption peaks and the
corresponding assigned transitions. [16- 18]

The unique absorption band of Yb®" ions (at
around 976 nm) corresponds to the 2F— Fsp
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transition and overlaps that of Er*" ions for the *I;s
— “1,,, transition. Compared to Er’" ions, the
absorption of Yb*" near 976 nm is predominant due
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to the high absorption cross-section of Yb*" ions at
this wavelength. [12, 19-24]
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Fig. (7): The absorption spectra of Er**/Yb*" co-doped G,P,0K, glasses with 1:5 Er’*:Yb* concentration

Since there is only one electronic excited state for
Yb** ions (the 2Fs), state), when a diode laser at
around 976 nm is used to excite the Yb*" ions, the
emission from the *Fsj, state of Yb>" overlaps the
absorption band for the 4115/2 — 1,5, transition of
Er’" ions. This results in an efficient resonant-energy

ratio.

transfer (ET) from Yb*" to Er’” ions in the Yb*"/ Er**
co-doped systems. Hence, the addition of Yb*" to
Er’*-doped glass can enhance the pumping efficiency
of 977 nm diode laser indirectly through the energy
transfer (ET) fromYb** to Er’*. [20, 21, 24]

Table (1): The absorption peaks and the corresponding assigned transitions.

Peak position A(nm) Average Energy (cm™) Assigned transition
378 26455 (Er’) *“Lisn — *Gin
488 20492 (Er’) Lis, — ‘Fon
522 19157 (Er’") *Iis, — “Hiin
546 18315 (Er’) *Lisp — *S3n
652 15337 (Er’) Iis, — *Fon
800 12500 (Er’") *isn — Yo
976 10246 (Er’") “Lisn, — ‘L1 and (Yb*") *F7p— *Fs;
1535 6514 (Er) s, — i3

3.1.4 Fluorescence (normal emission)

The normal emission spectrum of the Er''/Yb*
co-doped G7oP,0K;o glass (sample 1:5), obtained
under excitation at 488 nm of Ar" laser with a power
of 150 mW of the range 520-700 nm is shown in
Fig.(8).

Intense green and very week red emission bands
centered at around 532, 546, and 655 nm are
observed and assigned to the Hy 10— Tsn, 4S5 —
*Lis, and “Fgp — “I;sp transitions of Er’* ions,
respectively. [25, 13, 16] Based on the simplified
energy levels of Er’" ions in GroPaKio glass
presented in Fig.(9) and the energy matching, the
532, 546, and 655 nm emission bands are interpreted
as follows:

Initially, the ground state absorption (GSA) of
pump photons (488 nm) excites the Er’* ions to the
*Fap level, from which, fast multiphonon relaxation
(MPR) to the H,,,, and *Ss, levels occurs because of

the small energy gap between them (~1330 cm™).
The energy gap between the H,,,» and *S;, levels is
very small (~840 cm™), and a rapid thermal
equilibrium is established between the thermally
coupled 2H11/2 and 4S3/2 levels. The 41:“9/2 level
populates from *S;), through multiphonon relaxation.

However, the energy gap between 4S5, and “Fy)
levels is about 3047 cm”, and Raman spectrum
shows that the maximum phonon energy of the glass
network is ~ 811 cm™. Therefore, 4 phonons are
required to bridge the gap. Hence, the multiphonon
relaxation from the *S;, state occurs with a small
rate. As a result, the population in 4F9/2 level is very
small. This explains why the red emission band is
very week. Then, the radiative decays (RD) from
these excited 2H;ip, *S;» and *Fgy levels to the
ground state s produce the 532, 546 and 655 nm
emission bands, respectively. The above processes
could be visualized as in table (2).
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Table (2): Summary of all transitions

*Iis» (Er’") + a pump photon (488 nm) — “F5, (Er’) (GSA)
Fa (Er3+) — Hup (Er3+), *Ssn (Ef3+) (MPR)
"Syp (Er’) — Fop (Br") (MPR)
’H,y» (Er'") — ‘15 (Er’") + emitted photon (532nm) (RD)
S35 (Er'h) — *Lisp (Er’) + emitted photon (546nm) (RD)
*Fopp (Er'") — “Iis5 (Er’) + emitted photon (655nm) (RD)
0.006
1850 — Myzn
0.005
0.004
~ 0.003
E 0.002
0.001
0
500 520 540 560 580 GO0 620 640 660 680 700
Wavelength (nm)
——Rodl ——Rod2 Rodd  ——Gloas shoet

Fig. (8): The emission spectrum of Er3+/Yb3+c0-d0ped GoP2Kj glass under excitation at 488 nm of Ar" laser
with a power of 150 mW.

Energy (cmi')
x10¢ AF.
12
204 MFR
JZHlb’
Sia
PR
\ .,
‘o
P
104 -
E|E| &
L= LI}
Z|E& ",
-1
on
4]
L )
o 152

Fig.(9): The Simplified energy level diagram of Er** ions in GoP20Kjo glass. [23]

3.1.5 X-ray Diffraction

Fig.(10) shows the x-ray diffraction (XRD)
patterns of the Er’"/Yb*" co-doped GoP,K o glasses
with  1:5 Er':Yb® concentration ratio. The
diffuseness of the XRD patterns and the absence of
detectable sharp crystalline peaks confirm the
amorphous nature of all glass samples.

3.1.6 Differential Thermal Analysis (DTA)

The DTA measurements were performed with a
differential thermal analyzer (Shimadzu DTA-50
detector) at a heating rate of 10 °C/min under
nitrogen atmosphere in the temperature range of 10-
800 °C. The DTA curve of the Er’"/Yb*" co-doped
G7oP20Ko glass is shown in Figs.(11.a, b). From the
figure the glass transition (onset T, =541°C), the
crystallization transition (onset Ty = 692°C), and the
thermal stability factor AT = T,-T, = 151°C.
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wTA
i

o..-un Z00.00 400,00 &00. 00 B#OD.00
Temp161

Fig.(11.a): The DTA curve of the Er’*/Yb*" co-doped GPK;, glass sample from 0-800°C.
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Fig. (11.b) The DTA curve of the Er*'/Yb** co-doped G7)PKjy glass sample from 650-800°C.
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3.1.7 D.C. Conductivity

The D.C. conductivity o in these G7oPyKjo
glasses may be basically attributed to the thermally
activated ionic conduction of the mobile K ions by
surmounting the potential barrier E,, [26] in addition
to the electron hopping mechanism known for
semiconducting oxide glasses. The activation energy
E, is obtained from the slope of the In ¢ versus 1/T
plot (the Arrhenius plot): [27]

E
0 = 0, exp (— kT“T) )
where o, is the pre-exponential factor, kg is the

Boltzmann constant, T the absolute temperature, and

E, the activation energy for conduction (the average
potential energy barriers that the charge carrier must
overcome in its jumps).

The temperature dependence of the DC
conductivity ¢ in the temperature range of 312 - 625
K for Er’/Yb" co-doped G7oPyK;, glasses with
Er’":Yb®" concentration ratio of 1:5 is shown in
Fig.(12) as plot of In ¢ versus reciprocal of absolute
temperature T. The activation energy at two different
temperatures is as follow; at 320K (¢ = 1.27x10™"* Q
'm") and at 420K (o = 8.25x10"° Q'm™") E,=1.35
eV.

-5

-15 \

e \

[

~38.0016 0.0021

0.0026 0.0031

1/T (k)

Fig. (12): Plot of In ¢ versus reciprocal of absolute temperature T.

3.2 Diagnoses of Er*'/Yb*" glass laser

The transparency of the glass in fiber can be
divided into five (six) windows (all with reduced
attenuation of light) at around 850, 1310, 1390, 1550
and 1610 nm, respectively (and in the future maybe
up to 1700 nm). [28]

Diode laser type LIMO class IV with LDD50
driver of wavelength 780-1000 nm and 808 nm at
room temperature with power of 50 watt Quasi-cw
was used here for longitudinal pumping. The

obtained here is Er/Yb co-doped glass laser. The first
three lines at 808, 880, 1088 nm were the outputs
from the pump laser. The emission of the rod showed
strong line at 1610 nm. This might confirm that the
proposed here design of Er-glass laser can be used in
Telecommunication applications. Fig.(13.a, b, ¢, and
d) show the system output in semi-log scale at
different pumping power and table (3) shows the
output power from the system vs. the pumping
power.
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Fig.(13. a): System output at pumping power of 12.5 Watt.
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Fig.(13.b): System output at pumping power of 21.75 Watt.
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Fig.(13.d): System output at pumping power of 50 Watt.

Table (3) The output power from the system vs. the pumping power.

Fig. number Pumping power (W) Output power (mW)
13.a 12.5 (Threshold) 2.37
13.b 21.75 3.36
13.c 40.5 21.22
13.d 50 202.6
3.3 System applications showed that both forms of Er doped glass can be used
We used a home-made setup to test this safely in the amplification process in communication.
possibility either for the rod itself or fiber obtained Fig.(14) shows the setup used.

during the fabrication of the glass. Our results

10
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Fig.(14):

Conclusion

1. The conventional melting and quenching method
were used in the preparation of the Er’":Yb*" co-
doped  potassium-lead-germanate  (70GeO,-
20PbO-10K,0) glass with optimum ratio 0.5
mol. % of Er’" and 2.5 mol. % of Yb** (1:5).

2. Raman spectroscopy and FT-IR were used to
study the structure and the vibrational modes of
this glass. Measurement of Raman spectroscopy
showed that the maximum phonon energy of the
un-doped glass was approximately 811 cm™. The
FT-IR measurements showed that the spectrum
was dominated by a band centered at around 788
cm’', with other bands centered at around 410,
550, and shoulder at 974 cm™.

3. Optical absorption showed that the addition of
Yb’* to Er''-doped glass can enhance the
pumping efficiency through the energy transfer
(ET) fromYb* to Er’".

4. X-ray diffraction confirmed that there were no
crystallization peaks or no periodic arrangements
in the glass; i.e. it was amorphous.

5. Differential thermal confirmed the thermal
stability of this glass. It showed that the thermal
stability factor AT = T, - T, = 151°C.

6. The two probe method was used to investigate the
electrical behavior and to measure the DC-
conductivity and its temperature dependence. It
showed that the activation energy at two
different temperatures is as follow; at 320K (c =
1.27x10" Q'm™) and at 420K (c = 8.25x10™"°
Q'm" E=1.35¢V.

7. The introduced here system was designed using a
longitudinal pumping source of 808 nm diode
laser at different powers and the diagnoses of the
system output was done in the range of 790-1800
nm. The system output was found to increase
with increasing the pumping power.

The setup used.

11

8. The emission of the rod showed strong line at

1610 nm. This might confirm that the proposed
here design of Er-glass laser can be used in
telecommunication applications.

9. A home-made setup was used to test the

possibility for the fiber obtained during the
fabrication of the glass to be wused in
communication.

The results showed that the Er doped glass can be

used safely in the amplification process in
communication.
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