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In this article, the 1.5um emission spectra corresponding to thgy,— *I 5, transition of EF* 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 the,,, state are analyzed and separated. The effect of
the spectral components on the L& emission bandwidth is investigated. The results indicate that

to search a host with higher spontaneous emission probability of the upper Stark level§lgfthe

state for E?* ions is very important to broadening of the 1uBn emission band of Bf. An
equivalent model of the four-level system is presented and applied to explain the spectral shape and
temperature characteristics of the L 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 Physic§DOI: 10.1063/1.15869583

I. INTRODUCTION 4] 135 State to the ground state are separated and identified,
i . » o respectively. The contributions of the spectral components to
The erbium-doped fiber amplifi#EDFA), utilizing the  pr5adening of the 1.5m emission band are discussed. An
emission tran_sitioﬁl13,2—>4ll5,2 Of_E’3_+’ is a key element of - oqyivalent model of the four-level system is presented to
the_l._5,um WIndOW teleco_mmunlcat_lon system. Due to the yegcripe the spectral shape of thgs,— s, transition.
rapid increase of information capacity and the need for ﬂex'According to the theory of McCumber, the absorption spec-

ible networks, there is an urgent demand for optical amplifivy, js transformed into the emission spectrum, the shape of
ers with a wide and flat gain spectrum in the telecommunisyhich fits well to that experimentally measured.

cation window, to be used in the wavelength-division-
multiplexing (WDM) network system. The EDFA utilized at || ExpERIMENT
present is made of Ef-doped silica glass, which shows a i N
narrow emission band at 1.58m resulting in narrow gain Glass in the  composition  of  6QB;—
spectra with a bandwidth around 30 nm. The study on spec3ON&0—5BL05—-5Y,0;—0.5E50; (in mol %) is prepared
tral broadening of 1.5um emission of E¥"-doped various by melting well-mixed powders in a platinum crucible at
glasses, therefore, has been paid great attehtfoiThe 1350 °C for 1.5 h, then quenched into a preheated brass mold
4 13115, €Mission spectrum is composed of spectralto form glass. The quenchgd sample is annealed around
components originating from the transitions between the’00 °C for 24 h, then the obtained glass was cut and polished
Stark splitting levels of'l,5, and that of4l;s, multiplets. N0 15X15X4.6 mn? size.
The spectral intensities and positions of these components EMission spectra in the range of 1400-1700 nm are
basically determine the 1,sm emission bandwidth. To iden- Measured by using a Spex 1269 spectrometer with spectral
tify these components and understand their contributions t6#Solution of 1 nm under the excitation of 980 nm light from
spectral broadening is obviously helpful to designing mate? diode laser. Absorption spectra are measured by using a
rials with the 1.5um broad band. Jha and co-workeena- Perkin-Elmer Lambda 9 spectrometer. Different temperatures
lyzed the spectral components of 1@m emission in are obtained by using a helium gas cycling refrigerator.
Er¥*-doped tellurite glasses by fitting the emission spectra
with Voigtian shapes. The electronic transitions correspond'—”' RESULTS AND DISCUSSION
ing to the spectral components were discussed, but not detes: Analysis of emission spectra at different
mined precisely due to the lack of low temperature photolutemperature
minescence data.

In this article, we prepared an oxide glass based o
B,0;, N&0O, Bi,03, and Y,0; oxides as the host for Ef
ions. The 1.5um emission spectra are studied within the

Figure 1 shows the emission spectra of the transition
from the 41,4, state to the'l 15/, state multiplets, where the
area under the emission spectral profile is normalized. The

mission spectra are composed of four spectral bands, la-
temperature from 11 to 300 K. The spectral components o P P P

o eled bya’, a, b’, andb, and the peaks of which are located
the transitions from the lowest and upper Stark levels of th%t about 1500, 1529, 1555, and 1600 nm, respectively. At

lower temperature of 11 K, there are only two baralandb,
aAuthor to whom correspondence should be addressed; electronic maill the emission Spe?tra- With increasing t?mperature: bands
zjiahua@public.cc.jl.cn and b decrease while bands'and b’ begin to appear and
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FIG. 1. Emission spectra of th#l;4,—*l 15, transition in the sample at
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The left side of Eq.4) expresses the spectral compo-
nents of the emission from the upper Stark levels in‘thg,
state, corresponding to bands andb’, as shown in Fig. 1,
the intensity and bandwidth of which have an important ef-
fect on the bandwidth of the whole 1M emission spectra.
Before investigating the temperature characteristics of these
upper-level emissions, thigy(\) and A, value must be de-

=1

temperatures from 11 to 300 K. The area under the spectra is normalized!€rmined first according to the right side of Ed). fo(\)

represents the emission spectra of the transition from the
lowest level of the’l 4, state to thel ;5, state. Therefore,

grow up. According to the temperature characteristics othe measured emission spediéll K,\) at 11 K is reason-

these bands, we attribute baralandb to the transition from
the lowest Stark level dfl 5, multiplets to the'l ;5,, ground

ably considered ag,(\) because almost all the populations
are populated in the lowest Stark level of thg,, state at

state, banda’ andb’ to the transition from the upper Stark the low temperature of 11 K. From E€B), A, is the com-
levels of*l 13, state to the ground state. The bandwidth of theposition off(\) in F(T,\), decreasing with the increase of
emission spectra is increased due to the growth of bands temperature. In Fig. 1, bartllocates at around 1600 nm far
andb’ with raising temperature. As illustrated in Fig. 1, with to bandsa’ andb’. The overlap of banda’ andb’ with

the increase of temperature from 11 to 300 K the emissiombandb around the peak position of babd\,= 1600 nm) is
spectral bandwidth, the full width at half maximum yery small. Thus,

(FWHM), increases from 27 to 60 nm.

The emission spectra of the transition from tHgs,
state to thél ;5/, state for Ef* ions at temperatur& can be
expressed as

m

FTM=C2 vafin), (D
wherey; is the transition rate from thigh Stark level of the
41 131, State to thé'l 15/, State.a; andf;(\) are the population
and the emission spectral distribution function of tiik

Stark level, respectively, witlif; (\)d\=1. Cis a constant

for normalization. According to Boltzman distribution, the

population of theith Stark level of the'l g, state is ex-
pressed as

gie
SM o ~—AE /KT’
2iZo0ie °

AE; /KT
a;= (2)
whereAE; is the energy separation between ttte and the
lowest Stark level of thél 5, state, andy; is the degeneracy

in Eq. (3). The spectral intensity at, [F(T,\)] is nearly
equal toAq fo(N\p). The value ofA, at a temperature is the
proportion of the spectral intensity of babdt this tempera-
ture to that at the low temperature of 11 K. The valuesgf
at different temperatures are listed in Table I. By using the
right side of Eq(4), the spectral components of the emission
from upper Stark levels of th#l ;,, state are extracted from
the spectra shown in Fig. 1 and plotted in Fig. 2. The spectra
exhibit two emission banda’ andb’. With the increase of
temperature, the intensity of bands andb’ increase while
banda’ shifts towards the higher energy side of the spectra
and bandb’ does not shift. These results indicate that band
a’ is the overlap of the emissions from all upper Stark levels
and bandb’ is the emission from a single upper Stark level
of the #l 15, state.

Figure 3 shows the temperature dependence of the inte-

of theith Stark level. When the number of the Stark levels isgrated intensity for spectral bands andb’. After fitting the

m+1, we haveZ{" ,g;=14. The emission spectral distribu-

tion function with the normalized area is

TABLE I. Values of A at different temperatures.

experimental data by the e 2¥T term as a thermal acti-
vation process, the obtained valuesAdE for bandsa’ and

TemperaturgK) 11 40 70

100 150 200 250 300

Ay 1 0.9921 0.9461

0.8562 0.7571 0.6983 0.6933 0.6813
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FIG. 4. Dependence of FWHM on the compositionA,) of the spectral

FIG. 2. Emission spectra of the higher levels in fihey, state at different ~ components from the upper Stark levels of fhgy, state.
temperatures.

b’ are 83 and 70 cit, respectively. The values show that equivalent model of the four-level system for describing the

the effective heights of the upper Stark levels responsible foft-> #m emission of Et" ions, as shown in Fig. 5, where all
bandsa’ andb’ are not much different. upper Stark levels are treated as one equivalent level except

In Fig. 1, we see the spectral bandwidth increases wit{or the lowest level. In Fig. 5, thél 15, states are composed
the increase of the composition of the components from th@f the lowest Stark level, labeled by 0 and a set of upper
upper Stark levels of th# 1, state. The dependence of the !evels, labeled by 1, and tH, 5, States are composed of a
FWHM on 1—A, is shown in Fig. 4, where 1A, is con-  level 0" and a set of upper IeveI_sleandsa andb corre-
sidered to be the composition of the components from théPond to the 0—band 01 transitions, respectively. Bands
upper Stark levels of th# ;4, state becausa, is defined as @ andb’ correspond to the 1-0and 1-1 transitions,
the composition of the components from the lowest Stard€SPectively.
levels of the?l 5, state. We observe from Fig. 4 that the
FWHM increases rapidly as By is more than 0.3. If tem-
perature and the extent of Stark splittings remain unchange
the effective way to obtain a larger value ofAy-is to in-
crease the spontaneous emission rates of the upper Stark lev- The absorption cross section is obtained by using ab-
els of the*l 5, state as described by E@). Thus, it is  sorption spectra of the sample. According to the theory of
concluded that to search for a host with higher spontaneoudcCumber:’ the stimulated-emission cross sections are cal-
emission probability of the upper Stark levels of tHgy, culated by using expressidah):

. Absorption and stimulated-emission cross
ections

state is very important to broadening of the L% emission hc
band. o-e(7\)=(ra()\)eX[{ E-— T)/kT , (5)
B. Equivalent model of the four-level system wherea,(\) is the absorption cross section of the transition

In Fig. 1, we also note that the energy separation pefrom thel;s,, state to the'l 4, state,E is the temperature-

tween bands’ andb’ is approximately the same as that dependent excitation enerdyjs the Boltzman constant, and

between banda andb. Bandsa(a') andb(b’) exhibit that T |s_|t_ue tehmperafturr]e of_thel sargple._ ) .
the %l 5, state may be treated as a two-Stark-level system. € sbapel 0 tbe §t|rr:ju ate -er:mssmn crozs-se_ctlpn spec-
Bandsa(b) and a/(br) exhibit that the4| 13/ state may be trum can be also obtaine using the measured emission spec-

also treated as a two-Stark-level system. Then, there is ai!m modified by

Oe= AN*g(N), 6
0.3 , . =gz N 9N (6)
;: °
< 02} e
z ® AE=83cm i3
-
-1
o 0.1 b
= ¢
= AE=70cm’
0.0 1 1 L
0 100 200 300
Temperature (K)
4
FIG. 3. Temperature dependence of integrated intensity for spectrabdand Lisp2

(@) andb’ (O). Experimental data points are fitted by usinrg “F*T as a

thermal activation process. The obtain®H values for banda’ andb’ are FIG. 5. Equivalent model of the four-level system for describing theutrb
83 and 70 crm?, respectively. emission of Et* ions.
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06 ‘ T absorption lowest Stark level of thél 5, state to the _Iowest and upper
; McCumber, Stark levels of the ground state, respectively. Baadsind
measured b’ are the transition from the upper Stark levels of thg,,

state to the lowest and upper Stark levels of the ground state,
respectively. To search for a host with higher spontaneous
emission probability of the upper Stark levels of tHegs,
state for E¥" ions is very important to broadening of the 1.5

" -20 2
cross section (x10"cm’)
IS
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