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Abstract

Absorption spectra and fluorescence spectra in Er**-doped phosphate glasses have been measured. Some emission parameters,
such as emission cross section, spontaneous emission probability, and fluorescence linewidth of the Er**-doped phosphate glass,
have been calculated. Upconversion of 1.064 pm Nd:YAG laser pulses into intense green 547 nm and red 667 nm light in a
Er**-doped phosphate glass fiber has been achieved. Fluorescence efficiencies of the two signals, green 547 nm and red 667 nm
fluorescences, are 1.78 X 1072% and 4.2 X 10~3%, respectively. The two signals are refered to *S3,,—*1,5/, and *Fg,2— 1,5/, ra-

diative transitions by two-photon absorption fluorescence.

1. Introduction

Efficient visible light generation by infrared light
excitation in optical fibers was first reported in 1978
[1]. Since then there have been widespread interest
in frequency upconversion of infrared radiation into
visible wavelength light in glass fiber owing to its
simple experimental configuration and practicality
[2]. Recent demonstrations [3-6] of room-temper-
ature upconversion lasers have also stirred interest in
their potential as practical sources of short wave-
length radiation for display and data storage appli-
cations, as well as for communications and ultrashort
pulse generation at visible and ultraviolet wave-
lengths [7,8]. Upconversion is a process which con-
verts long-wavelength radiation into short-wave-
length radiation by a multiphoton mechanism.
Excited state absorption (ESA ), addition of photons
by energy transfer, and photon avalanche absorption
(PAA) [9] are three main processes of upconversion
[10]. Materials exhibiting efficient infrared to visi-
ble upconversion have many important applications.

The upconversion properties of various lanthanide
ions in a wide range of glassy and crystalline hosts,
such as silica glass [11,12] and heavy metal fluoride
glasses [13-17], have been extensively examined
over the past 25 years. Other materials such as some
oxides, sulfides, fluorides and oxyhalides doped with
various Er** concentrations have also been exten-
sively studied in the past years [10]. But the infrared
to visible upconversion in phosphate host glass has
received little attention [18]. In this letter, phos-
phate glass doped with 0.75 mol% Er* have been
prepared. Some optical properties of the glass, such
as absorption spectrum of in the range of 300 nm to
1600 nm and fluorescence spectrum near 1.53 pm
were measured. According to these optical proper-
ties, some emission characteristic parameters, such
as spontaneous emission probability, emission cross
section and effective fluorescence linewidth, have
been calculated. A fiber drawn from the 0.75 mol%
Er3*-doped phosphate glass has been used to mea-
sure infrared to visible upconversion when excited by
a 1064 nm Nd:YAG laser. Efficient red 667 nm and
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green 547 nm upconversion luminescences have been
measured.

2. Experimental arrangement

Phosphate glass used for fiber cladding composed
of P,Os (56.0 mol%), BaO (15.5 mol%), Li,O (7.5
mol%), Na,O (3.0 mol%), K,O (10.0 moi%), Al,O;
(7.0 mol%), and PbO (1.0 mol%) in molar amounts.
Glass with further doping of 0.75 mol% Erbium in
above composition has been used for required fiber
core glass. This Erbium molar concentration corre-
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ions/cm?. To prepare the Phosphate glass, the mix-
tures of starting materials were melted in guartz cru-
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cible at about 1150 °C. O, gas was passed into the
furnace during melting to eliminate any water impur-
ities, Fibers were drawn from these as-prepared glass.
In our experiments below, a 45 ¢m long fiber with
outer diameter of about 100 pm and the core diame-
ter of about 68 um has been used. The numerical ap-
erture (N.A.) of the fiber is about 0.153.
Absorption spectra of the glass were recorded with
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spectrophotometer in the range of 300 nm to 1600
nm. Fluorescence spectra of the glass were measured
by a grating monochromator. Xenon lamp was used
as a light source. Its output light passed through a fil-
ter, then was directly focused onto the glass sample.
The generated fluorescence light was collected by a
grating monochromator. A GDB-240 photomulti-
plier tube was used as a detector. The fluorescence

spectra were recorded by a X- recorder.
A Q-switched and mode-locked Nd: YAG laser was
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ments. The laser delivered about 100 ps mode-locked
pulses at a 100 MHz repetition rate, modulated by a
1.2 KHz frequency Q-switching, The laser’s maxi-
mum average output power as 2 W at 1.064 ym. The
output light of the laser was firstly beam splitted. One
beam of the light was used for power monitoring. The
other beam was directly coupled into the fiber by a
10X objective lens. The output light from the fiber’s
other end was then focused into a monochromator.
Thus the emission spectra were recorded with the
monochromator,

3. Results and discussions

Fig. 1 shows the 0.75 mol% Er“-phosphate glass’s
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identified from the recorded absorption spectrum and
are listed in Table 1. The Er3* fluorescence spectrum
of the phosphate glass of *I;3,,—,5,, transition is
shown in Fig. 2. The central wavelength A, of the flu-
orescence spectrum is 1.536 um. The energy of Er**
“1y3,,-*1;5,, emission band measured at room tem-
perature is 6510 cm ™! which is slightly different from
absorption transition energy *I,5,,—%1,3,, as listed in

14dUIC 1.

According to Judd-Ofelt theory [19 ] he expres-

sion for absorption line strength of absorption tran-
sition J-J' is
S(JF) =3 2 UWJr)?. (1)

!

Here =2, 4, 6. U'”{jJ’) is a reduced mairix ele-
ment of the irreducible tensor operator of rank ¢. For
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Fig. 1. Absorption spectrum in 0.75 mol% Er**-doped phosphate
glass measured at temperature of 300K.

Table 1

Electronic levels reached from *I;,;

mel% Er’*-doped phosphate glass

E(cm™Y) Levei E (ecm™) Levei
27501 Gy 19275 H,,,
26525 G 18437 4,2
24667 2H9/2 15394 “Fg,z
22625 “F,, 12547 Tosr
22242 “Fy) 10235 I,
20559 Fyp 6524 Ty
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Fig. 2. Fluorescence spectrum near 1.53 um of the Er**-doped
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a given Er3* ion, U(JJ ") varies only slightly from

medium to medlum, it can be considered unchanged.
U™"(JJ") for absorption transitions from the ground
state of Er** ion or for transitions from excited states
can be found in reference 20. 2, (=2, 4, 6) are the
intensity parameters which is only dependent on the
properties of used host material. The absorption line

strength S(JJ*) is associated with the integrated ab-
sorption coefficient K(4), which can be calculated

from absorption spectrum, by the formula

K(A)=S(JJ)8n3e?Nod,(n2+2)2/ (27cnh(2J+1)).

(2)
The emission line strength of emission transition
J'-J, which is also determined by Eq. (1), is associ-

ated with the spontaneous emission probability
AWJ'T) by

AN =S(J'T)64n%e’n(n?+2)*/(27(2J+1)42) .

(3)

In Egs. (2) and (3), A, e, and ¢ are Plank’s constant,
the electronic charge and the light velocity, respec-
tively. J and r are angular momentum and the mate-
rial’s refractive index. N, is the number of Er** ions
per unit volume. 4, is the mean wavelength that cor-
responding to the J—J' transition.

Thus according to the measured integrated ab bsorp-
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tion coefficient of various absorption bands shown in
Fig. 1, we can calculate the absorption line strength
S(JJ') of various corresponding absorption transi-
tions J—J' by using Eq. (2). Then with the uasage of
the found U<jJ ") for absorption transitions J—.J’
from ground state of Er>* ion [20] the phosphate host

glass’s intensity parameters £, (=2, 4, 6) can be cal-
culated by Eq. (1). Further using ihe found U4 7))
for transitions from excited states (J'-J) [20] and
the above calculated Q,, we can thus calculate emis-
sion line strength S(JJ) also by using Eq. (1), and
can calculate the spontaneous emission probability
A(J'J) through Eq. (2).

From the recorded fluorescence spectrum shown in
Fig. 2, we have

M= Jf 1da/1,, (4)

where Ad.q is effective fluorescence linewidth. 1, is
the corrected maximal experimental fluorescence in-
tensity. A is fluorescence wavelength. With the usage
of previously calculated spontaneous emission prob-
ability 4(J'J), the stimulated emission cross section
of the 0.75 mol% Er**-doped phosphate glass thus
could be calculated according to the formula [21]

a=A,A(J'T)/ (8ncn*Aley) , (5)

where 4, is the central wavelength of fluorescence
spectrum. Table 2 lists our calculated intensity pa-
rameters (2, spontaneous emission probability
A(J'J), effective fluorescence linewidth 44 .¢and the
stimulated emission cross section g, of the phosphate
glass doped with 0.75 mol% erbium.

Upconversion luminescence spectra of the Er**-
uupcu puospuaw fiber in the r ange of 450 nm to 700
nm were measured with 1.064 um excitation, as
shown in Fig. 3. The laser’s average output power is
1 W. In the visible-wavelength region there are two
signal bands emanating from the tested fiber. One is
red light signal peaked at 667 nm with a nearly 8§ nm
bandwidth spectrum. The other is green light signal
peaked at 547 nm with a 5.5 nm bandwidth spectrum
and asymmetric toward high frequencies. The 667 nm
red signal was relatively weak. Whereas the 547 nm
green light was very intense. In our experiments, when

the avaraoe infrarad excitation nower 1c 1W the out-
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Table 2
Some emission characteristic parameters of the Er**-doped
phosphate glass

e Q9  AUT) Mg o
(% 10-%) (s7')  (nm) (x10-%'¢cm?)
8.10 220 1.85 172 60.2 9.0
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Fig. 3. Upconversion luminescence spectra of the Er**-doped
phosphate glass fiber.
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Fig. 4. Logarithmic linear relationship between fluorescence in-
tensity and excitation power.

put power of the two 547 nm and 667 nm visible
bands are 178 uW and 42 pW, respectively. Thus the
upconversion efficiencies of the two bands are
1.78 X 10~ 2% and 4.2 x 10~ 3%, respectively. The re-
sults we obtained are slightly better than what were
obtained in Er**-doped silica fibre [12]. In Ref.
[12], three fluorescence bands, 467 nm, 546 nm and
667 nm, were obtained in a 40 cm long fibre also with
1064 nm excitation. Their corresponding upconver-
sion efficiencies were 4Xx10~%, 1x10-2% and
3 10~ 3%, respectively. In our experiments, no 467
nm blue signal was measured.

Fig. 4 shows the variation of fluorescence intensity
of the two bands as the pumping power. A typical log-
arithmic linear relationship between fluorescence in-
tensity and excitation power is obtained. For the line
corresponding to 547 nm green light, its slope is 1.96
and nearly equals 2. It confirms that the generation
of 547 nm green light is caused by two-photon ab-
sorption fluorescence. Fig. 5 shows the energy level
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Fig. 5. Er** energy level diagram in the Er**-doped phosphate
glass.

diagram of Er**-doped phosphate glass. Under the
excitation of 1064 nm laser, Er** ions were excited
from ground state level *I,5,, to °H,, ;, through two-
photon absorption. This process include the ground
state absorption (GSA) (*I;5/2—%1,,,2) and the ex-
cited state absorption (ESA) (*I,;,,—?H,,,,). Then
those Er** ions at 2H,,,, level might rapidly nonra-
diatively decay to the substable level *S;,, through
multiphonon relaxation (MPR}. Thus a radiative
transition starting from the “Ss,, level and terminat-
ing on the ground level *I;5,, gives the most intense
green 547 nm fluorescence, as shown in Fig. 5. In Fig.
4, the slope of the line corresponding to 667 nm red
light is 1.89. It slightly smaller than 2. The slope of
1.89 confirms that the generation of 667 nm light is
primarily caused by two-photon absorption fluores-
cence. Er’* ions were firstly excited to H,, /, through
two-photon absorption. Then they decay to 4S5, level
and further decay to *Fy,, level through MPR. Thus
the red 667 nm signal is the *F;,,—*I;5,, upconver-
sion fluorescence. That the deviation of slope of the
line from 2 shows the complexity of the upconver-
sion process. One of the other processes, as what was
shown in Fig. 5, may contribute to the *F,,, level
population. The process is nonradiative decay from
level *I;,, to level *I,5,, through MPR after the ex-
citation from the ground state level *I,5,,, and then
from “I;3,, to *Fy,, level through absorption of an-
other infrared photon. The mechannism of energy
transfer, which is the important process contributive
to upconversion, was considered to be not existed in
our phosphate glass fibers, due to our lower erbium
doping level in the fiber (i.e. not exceeding 1 mol%).
Lower doping level results in large distance between
the nearest excited ions. Thus energy transfer be-
tween the two excited ions was hampered. Further
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works in our experiments are to use cw 980 nm laser
diode as excitation source instead nf'ncmc 1064 nm

excitation. According to the absorptlon spectrum
shown in Fig. 1, the wavelength of 1064 nm is on the
red side of the spectrum, not at the spectrum’s center.
The usage of 980 nm pumping should be more prac-
tical and more efficient.

4. Conclusions

The absorption spectrum and fluorescence spec-
trum in 0.75 mol% erbium-doped phosphate glass
have been measured. Some emission characieristic
parameters of the glass such as emission cross sec-
tion, spontaneous emission probability, and fluores-
cence linewidth have been calculated. The results
shows that the phosphate glass fibers are favorable
for infrared-to-visible upconversion. Under 1.064 um
excitation, the green 547 nm and the red 667 nm flu-
orescences have been observed in the fiber. The two
fluorescence signals are refered to *S;,,~*l;s,, and

‘F 9/2—4115/2 qu-puutuu UpConver sion fluor €SCence,
respectively. 178 uyW 547 nm green light and 42 pW
667 nm red light were obtained with average excita-
tion power of 1W. The upconversion efficiencies are
1.78 X 10~ 2% and 4.2 X 10~ 3%, respectively.
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