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Spectral components and their contributions to the 1.5 mm emission
bandwidth of erbium-doped oxide glass

Jiangting Sun, Jiahua Zhang,a) Yongshi Luo, Jiuling Lin, and Hongwei Song
Key Laboratory of Excited State Processes, Changchun Institute of Optics, Fine Mechanics and Physics,
Chinese Academy of Sciences, Changchun 130022, People’s Republic of China
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In this article, the 1.5mm emission spectra corresponding to the4I 13/2→4I 15/2 transition of Er31 in
oxide glass are studied within the temperature from 11 to 300 K. The spectral components emitting
from the lowest and upper Stark levels of the4I 13/2 state are analyzed and separated. The effect of
the spectral components on the 1.5mm emission bandwidth is investigated. The results indicate that
to search a host with higher spontaneous emission probability of the upper Stark levels of the4I 13/2

state for Er31 ions is very important to broadening of the 1.5mm emission band of Er31. An
equivalent model of the four-level system is presented and applied to explain the spectral shape and
temperature characteristics of the 1.5mm emission band. According to the theory of McCumber, we
transform the absorption spectrum into the emission spectrum, the shape of which fits well to that
measured. ©2003 American Institute of Physics.@DOI: 10.1063/1.1586958#
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I. INTRODUCTION

The erbium-doped fiber amplifier~EDFA!, utilizing the
emission transition4I 13/2→4I 15/2 of Er31, is a key element of
the 1.5mm window telecommunication system. Due to t
rapid increase of information capacity and the need for fl
ible networks, there is an urgent demand for optical amp
ers with a wide and flat gain spectrum in the telecommu
cation window, to be used in the wavelength-divisio
multiplexing ~WDM! network system. The EDFA utilized a
present is made of Er31-doped silica glass, which shows
narrow emission band at 1.55mm resulting in narrow gain
spectra with a bandwidth around 30 nm. The study on sp
tral broadening of 1.5mm emission of Er31-doped various
glasses, therefore, has been paid great attention.1–9 The
4I 13/2→4I 15/2 emission spectrum is composed of spect
components originating from the transitions between
Stark splitting levels of4I 13/2 and that of4I 15/2 multiplets.
The spectral intensities and positions of these compon
basically determine the 1.5mm emission bandwidth. To iden
tify these components and understand their contribution
spectral broadening is obviously helpful to designing ma
rials with the 1.5mm broad band. Jha and co-workers4 ana-
lyzed the spectral components of 1.5mm emission in
Er31-doped tellurite glasses by fitting the emission spec
with Voigtian shapes. The electronic transitions correspo
ing to the spectral components were discussed, but not d
mined precisely due to the lack of low temperature photo
minescence data.

In this article, we prepared an oxide glass based
B2O3, Na2O, Bi2O3 , and Y2O3 oxides as the host for Er31

ions. The 1.5mm emission spectra are studied within t
temperature from 11 to 300 K. The spectral components
the transitions from the lowest and upper Stark levels of

a!Author to whom correspondence should be addressed; electronic
zjiahua@public.cc.jl.cn
1320021-8979/2003/94(3)/1325/4/$20.00
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4I 13/2 state to the ground state are separated and identi
respectively. The contributions of the spectral component
broadening of the 1.5mm emission band are discussed. A
equivalent model of the four-level system is presented
describe the spectral shape of the4I 13/2→4I 15/2 transition.
According to the theory of McCumber, the absorption sp
trum is transformed into the emission spectrum, the shap
which fits well to that experimentally measured.

II. EXPERIMENT

Glass in the composition of 60B2O3–
30Na2O– 5Bi2O3– 5Y2O3– 0.5Er2O3 ~in mol %! is prepared
by melting well-mixed powders in a platinum crucible
1350 °C for 1.5 h, then quenched into a preheated brass m
to form glass. The quenched sample is annealed aro
500 °C for 24 h, then the obtained glass was cut and polis
into 1531534.6 mm3 size.

Emission spectra in the range of 1400–1700 nm
measured by using a Spex 1269 spectrometer with spe
resolution of 1 nm under the excitation of 980 nm light fro
a diode laser. Absorption spectra are measured by usin
Perkin-Elmer Lambda 9 spectrometer. Different temperatu
are obtained by using a helium gas cycling refrigerator.

III. RESULTS AND DISCUSSION

A. Analysis of emission spectra at different
temperature

Figure 1 shows the emission spectra of the transit
from the 4I 13/2 state to the4I 15/2 state multiplets, where the
area under the emission spectral profile is normalized.
emission spectra are composed of four spectral bands
beled bya8, a, b8, andb, and the peaks of which are locate
at about 1500, 1529, 1555, and 1600 nm, respectively.
lower temperature of 11 K, there are only two bands,a andb,
in the emission spectra. With increasing temperature, bana
and b decrease while bandsa8and b8 begin to appear and
il:
5 © 2003 American Institute of Physics
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1326 J. Appl. Phys., Vol. 94, No. 3, 1 August 2003 Sun et al.
grow up. According to the temperature characteristics
these bands, we attribute bandsa andb to the transition from
the lowest Stark level of4I 13/2 multiplets to the4I 15/2 ground
state, bandsa8 andb8 to the transition from the upper Star
levels of4I 13/2 state to the ground state. The bandwidth of t
emission spectra is increased due to the growth of banda8
andb8 with raising temperature. As illustrated in Fig. 1, wi
the increase of temperature from 11 to 300 K the emiss
spectral bandwidth, the full width at half maximum
~FWHM!, increases from 27 to 60 nm.

The emission spectra of the transition from the4I 13/2

state to the4I 15/2 state for Er31 ions at temperatureT can be
expressed as

F~T,l!5C(
i 50

m

g iai f i~l!, ~1!

whereg i is the transition rate from thei th Stark level of the
4I 13/2 state to the4I 15/2 state.ai and f i(l) are the population
and the emission spectral distribution function of thei th
Stark level, respectively, with* f i (l)dl51. C is a constant
for normalization. According to Boltzman distribution, th
population of thei th Stark level of the4I 13/2 state is ex-
pressed as

ai5
gie

2DEi /kT

( i 50
m gie

2DEi /kT , ~2!

whereDEi is the energy separation between thei th and the
lowest Stark level of the4I 13/2 state, andgi is the degeneracy
of the i th Stark level. When the number of the Stark levels
m11, we have( i 50

m gi514. The emission spectral distribu
tion function with the normalized area is

FIG. 1. Emission spectra of the4I 13/2→4I 15/2 transition in the sample a
temperatures from 11 to 300 K. The area under the spectra is normaliz
Downloaded 10 Sep 2012 to 159.226.165.151. Redistribution subject to AIP
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F~T,l!5A0F f 0~l!1(
i 51

m
g igi

g0g0
e2DEi /kTf i~l!G , ~3!

with

A05
g0g0

( i 50
m g igie

2DEi /kT .

From Eq.~3!, we have

(
i 51

m
g igie

2DEi /kTf i~l!

g0g0
5

F~T,l!2A0f 0~l!

A0
. ~4!

The left side of Eq.~4! expresses the spectral comp
nents of the emission from the upper Stark levels in the4I 13/2

state, corresponding to bandsa8 andb8, as shown in Fig. 1,
the intensity and bandwidth of which have an important
fect on the bandwidth of the whole 1.5mm emission spectra
Before investigating the temperature characteristics of th
upper-level emissions, thef 0(l) and A0 value must be de-
termined first according to the right side of Eq.~4!. f 0(l)
represents the emission spectra of the transition from
lowest level of the4I 13/2 state to the4I 15/2 state. Therefore,
the measured emission spectraF(11 K,l) at 11 K is reason-
ably considered asf 0(l) because almost all the population
are populated in the lowest Stark level of the4I 13/2 state at
the low temperature of 11 K. From Eq.~3!, A0 is the com-
position of f 0(l) in F(T,l), decreasing with the increase o
temperature. In Fig. 1, bandb locates at around 1600 nm fa
to bandsa8 and b8. The overlap of bandsa8 and b8 with
bandb around the peak position of bandb (lb51600 nm) is
very small. Thus,

f 0~lb!@(
i 51

m
g igi

g0g0
e2Ei /kTf i~lb!

in Eq. ~3!. The spectral intensity atlb @F(T,lb)# is nearly
equal toA0 f 0(lb). The value ofA0 at a temperature is the
proportion of the spectral intensity of bandb at this tempera-
ture to that at the low temperature of 11 K. The values ofA0

at different temperatures are listed in Table I. By using
right side of Eq.~4!, the spectral components of the emissi
from upper Stark levels of the4I 13/2 state are extracted from
the spectra shown in Fig. 1 and plotted in Fig. 2. The spe
exhibit two emission bandsa8 andb8. With the increase of
temperature, the intensity of bandsa8 andb8 increase while
banda8 shifts towards the higher energy side of the spec
and bandb8 does not shift. These results indicate that ba
a8 is the overlap of the emissions from all upper Stark lev
and bandb8 is the emission from a single upper Stark lev
of the 4I 13/2 state.

Figure 3 shows the temperature dependence of the i
grated intensity for spectral bandsa8 andb8. After fitting the
experimental data by the;e2DE/kT term as a thermal acti

d.
13
TABLE I. Values ofA0 at different temperatures.

Temperature~K! 11 40 70 100 150 200 250 300

A0 1 0.9921 0.9461 0.8562 0.7571 0.6983 0.6933 0.68
 license or copyright; see http://jap.aip.org/about/rights_and_permissions
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1327J. Appl. Phys., Vol. 94, No. 3, 1 August 2003 Sun et al.
b8 are 83 and 70 cm21, respectively. The values show th
the effective heights of the upper Stark levels responsible
bandsa8 andb8 are not much different.

In Fig. 1, we see the spectral bandwidth increases w
the increase of the composition of the components from
upper Stark levels of the4I 13/2 state. The dependence of th
FWHM on 12A0 is shown in Fig. 4, where 12A0 is con-
sidered to be the composition of the components from
upper Stark levels of the4I 13/2 state becauseA0 is defined as
the composition of the components from the lowest St
levels of the4I 13/2 state. We observe from Fig. 4 that th
FWHM increases rapidly as 1-A0 is more than 0.3. If tem-
perature and the extent of Stark splittings remain unchan
the effective way to obtain a larger value of 1-A0 is to in-
crease the spontaneous emission rates of the upper Star
els of the 4I 13/2 state as described by Eq.~3!. Thus, it is
concluded that to search for a host with higher spontane
emission probability of the upper Stark levels of the4I 13/2

state is very important to broadening of the 1.5mm emission
band.

B. Equivalent model of the four-level system

In Fig. 1, we also note that the energy separation
tween bandsa8 and b8 is approximately the same as th
between bandsa andb. Bandsa(a8) andb(b8) exhibit that
the 4I 15/2 state may be treated as a two-Stark-level syst
Bandsa(b) and a8(b8) exhibit that the4I 13/2 state may be
also treated as a two-Stark-level system. Then, there is

FIG. 2. Emission spectra of the higher levels in the4I 13/2 state at different
temperatures.

FIG. 3. Temperature dependence of integrated intensity for spectral bana8
~d! andb8 ~s!. Experimental data points are fitted by using;e2DE/kT as a
thermal activation process. The obtainedDE values for bandsa8 andb8 are
83 and 70 cm21, respectively.
Downloaded 10 Sep 2012 to 159.226.165.151. Redistribution subject to AIP
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equivalent model of the four-level system for describing t
1.5 mm emission of Er31 ions, as shown in Fig. 5, where a
upper Stark levels are treated as one equivalent level ex
for the lowest level. In Fig. 5, the4I 13/2 states are compose
of the lowest Stark level, labeled by 0 and a set of up
levels, labeled by 1, and the4I 15/2 states are composed of
level 08 and a set of upper levels 18. Bandsa andb corre-
spond to the 0 – 08 and 0 – 18 transitions, respectively. Band
a8 and b8 correspond to the 1 – 08 and 1 – 18 transitions,
respectively.

C. Absorption and stimulated-emission cross
sections

The absorption cross section is obtained by using
sorption spectra of the sample. According to the theory
McCumber,10 the stimulated-emission cross sections are c
culated by using expression~5!:

se~l!5sa~l!expF S E2
hc

l D /kTG , ~5!

wheresa(l) is the absorption cross section of the transiti
from the 4I 15/2 state to the4I 13/2 state,E is the temperature-
dependent excitation energy,k is the Boltzman constant, an
T is the temperature of the sample.

The shape of the stimulated-emission cross-section s
trum can be also obtained using the measured emission s
trum modified by

se5
1

8pn2c
Al4g~l!, ~6!

FIG. 4. Dependence of FWHM on the composition (12A0) of the spectral
components from the upper Stark levels of the4I 13/2 state.

FIG. 5. Equivalent model of the four-level system for describing the 1.5mm
emission of Er31 ions.
 license or copyright; see http://jap.aip.org/about/rights_and_permissions
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1328 J. Appl. Phys., Vol. 94, No. 3, 1 August 2003 Sun et al.
wheren is the refractive index,A is the spontaneous emis
sion probability, andg(l) is the distributing function of the
emission spectra. Figure 6 shows the absorption and st
lated emission cross-section spectra. The shape of the e
sion cross-section spectrum calculated by using the theor
McCumber fits well to that experimentally measured. T
absorption and stimulated-emission cross sections are
310220 and 0.57310220 cm2 at a peak ofl051526.8 nm,
respectively.

IV. CONCLUSIONS

The 1.5mm emission spectra in the Er31-doped oxide
glass are composed of four emission bands, which may
described by an equivalent model of a four-level syste
Both the4I 15/2 and4I 13/2 state multiplets can be considered
a two-level system. Bandsa andb are the transition from the

FIG. 6. Absorption and stimulated emission cross-section spectra of
sample.
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lowest Stark level of the4I 13/2 state to the lowest and uppe
Stark levels of the ground state, respectively. Bandsa8 and
b8 are the transition from the upper Stark levels of the4I 13/2

state to the lowest and upper Stark levels of the ground s
respectively. To search for a host with higher spontane
emission probability of the upper Stark levels of the4I 13/2

state for Er31 ions is very important to broadening of the 1
mm emission band of Er31.
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