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Effect of optical basicity and energy transfer on near-infrared luminescence
in Bi/Yb’" co-doped germanate glasses
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Abstract: Bi/Yb’* co-doped germanate glasses were prepared by conventional melting-quenching technique. Near
infrared (NIR) luminescence properties in Bi/Yb’* co-doped germanate glasses were investigated by the absorption
spectrum, NIR luminescence spectra, and fluorescence lifetime measurement. NIR luminescence of both Yb’* and
Bi ions was observed simultaneously, either under 980 or 808 nm excitation LD. The results show that ET process
existed between Bi-related NIR emission centre and Yb’* ions. With the increasing in Yb** ions concentration,
both ET efficiency from Yb’* ions to Bi ion and optical basicity of glass matrix are increased. The competitive
effects of enhancing by the ET process and weakening by optical basicity on NIR luminescence properties of Bi ions
were investigated.

Key words: Bi/Yb’" co-doped, energy transfer, near infrared luminescence, optical basicity, germanate glass
PACS: 42.70. -a

StEWESRERMIE B/ YD " ISR E IR AT 50 & SRR RN

T, AR, A #, o8 A, R #, 08 %
(1. =mEFREFE FHRRLFS TR BRI FREEM R E R SR L, =/ B 650091 ;
2. mERYF OCHEEAMEIST, =8 B9 650091 ;

3. ZHEMAME SEARELALEE, xmM B 650091)

WE: R A ABREEEHET BUYD " 5 440 3l , @ WBORE 4080 K3 A 08 K R & 4l

W, F R T BRI AN ROR M. AR A RN, B AE & 7 980 nm 3 808 nm BOR A T, B Ak F B

MEE| YD BT B B FWAL LN, YD BEFEB B FLEAFEMIREMLE. A YD BT REN

o RN FRER YD B TE B BFHaGEEEAEYE A, b T R EH R FE R E A B

BT AW BEAER GO E R st Bi BT AW B AN ES B aLE L RET BUYD BT £S
Fe £ R 3h 3 B0 2T 41 4 ROR LR,

9& § W:BU/YD'T B B MR O L R

HES2S:0482.3 MERFRIREE: A

promising active material for broadband near-infrared

Introduction (NIR) tunable amplification and lasing'''. The quantum

yield of the NIR luminescence is very low due to the

Bismuth-doped glass has been applied as a novel stimulated emission cross section of Bi-doped glasses and
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very small at 1 100 ~ 1 300 nm wavelengths. Thus, it is
necessary to use commercially LDs as pumping sources in
practical applications. Considering this new material per-
spective, there are many concernable problems need to
be solved, which can be summarized as these two
aspects; identifying the NIR emission centre and impro-
ving the luminescent properties further.

Generally, the luminescent center responsible for
the NIR emission of Bi ion is not clearly identified up to
now' > because that Bi ions’ outer shell electrons are
greatly influenced by the environment and testing tech-
nology limitation'”). Base on the joint efforts of resear-
chers and the application prospect of Bi doped material,
bismuth doped NIR of ultra-wideband luminescence ma-
terials have made speedy progress even though the
mechanism of the observed NIR emission is still in con-
troversy. NIR bismuth broadband emission has been dis-
covered in various types of oxide glasses—silicate, phos-
phate, borate and germinate glasses'®"'). Recently,
Sheng et al'">""*! reported that the area stimulated emis-
sion of radiation in the pumping band were broaden by
Yb'* ions energy transfer (ET) in Yb/Bi co-doped boro-
phosphate, and strong broadband NIR luminescence ran-
ging from 1 000 to 1 650 nm was observed when the sam-
ple was excited by 980 nm laser. Doping Lu’* can fur-
ther improve the NIR emission of Bi ions in Yb/Bi ions
co-doped phosphate glasses. The improvement effects of
Al,O; composition on the NIR emission in Bi-doped and
Yb/Bi-codoped silicate glasses were also reported by
Jiang'"*! et al. However, according to Zhou'*' works,
the higher optical basicity in the glass matrix make
against the NIR luminescence of Bi ion. The introduction
of Al,O; or Lu,0; increases the optical basicity in glass
substrate, which decreases the enhancing effect on the
NIR luminescence properties of Bi ions. Thus the com-
petitive relationship between optical basicity of glass sub-
strate and energy transfer efficiency of Yb to Bi ions is
important and nonnegligible.

In this paper, we prepared germanate glass, inclu-
ding single Bi doped, Yb’* doped and Bi/Yb’* doped,
and investigated their spectral properties. The influence
of the introduction of Yb,0; on the optical basicity, ET
and NIR luminescence of those glass, and its excitation
mechanism were also discussed and analyzed.

1 Experimental

The compositions of the prepared glass were (100-x-
0.1) GeO,-xLi,O- 0. 1Bi,0, (x =10, 12, 15, 18
mol% ) , simplified as GLB1, GLB2, GLB3, GLB4;
85Ge0,-(15-y) Li,0-yYb,0,(y =1,1.5,2,3 mol% ),
simplified as GLY1, GLY2, GLY3, GLY4; 85GeO,-
(150.1-x) Li,0-0.1%Bi,0;,-x% Yb,0,(x=1,1.5,2,
3 mol% ), simplified as GLBY1, GLBY2, GLBY3, GL-
BY4; respectively. High purity GeO,, Li,O, Bi,0;,
and Yb,0; were used as starting materials. The weighed
starting materials ( about 10 g) were firstly ground and
mixed thoroughly using a mortar. Then, the mixture was
compacted into a platinum crucible. The mixture was
melted at 1 450°C for 20 min in air. When the melting

was completed, the liquid was poured on a preheated

stainless steel plates. The obtained glasses were annealed
at the glass-transition temperatures. Finally, the glass
samples were shaped into 10 mm x 10 mm X3 mm and
their surfaces were polished.

The optical absorption spectra were obtained in the
wavelength range of 300 to 2 000 nm in HITACHI U-
4100 spectrophotometer. The fluorescence spectra in the
wavelength range of 900 to 2 000 nm were measured with
a ZOLIX SBP300 spectrophotometer under 980 nm (2.0
W) and 808 nm LD excitation(2.0 W). The fluores-
cence decay curves in near-infrared regions were recor-
ded by using a FLS920 fluorescence spectrophotometer
made by Edinburgh Instruments Ltd, U. K. All the spec-
tral measurements were performed at ambient tempera-
ture.

2 Results and discussion

2.1 Absorption spectra

The absorption spectra of Yb’ " doped (GLY) and
Bi/Yb’* co-doped (GLBY) germanate glasses are shown
in Fig. 1. There are three absorption peaks around 490
nm, 710 nm and 960 nm in the GLBY glasses system.
Comparing with the absorption spectra of single Yb’*
doped glasses, there are two absorption peaks around 490
nm and 710 nm, corresponding to Bi-related centers, es-
pecially for the low-valence Bi as that observed in most
Bi doped glasses***"*).

The strong absorption peak around 960 nm belongs
to Yb ions *F,,-*F,,, energy level transition. The inset
figure is the absorption spectra of GLBY glasses with the
increase of Yb,0,. It shows that the Yb’* ion absorption
intensity increases with the increase of Yb,0, concentra-
tions, meanwhile Bi ions absorption intensity decreases.
The absorption band around 490 nm shows a slight red-
shift. The phenomena suggests that it may be caused by
the doped Yb,0,. With the increasing of Yb,0; concen-
tration, some network structure of glasses matrix breaks
down and non-bridging oxygen is created, leading to the
reduction in the phonon vibration energies' "’
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Fig.1  Absorption spectrum of GLY and GLBY ger-
manate glasses
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2.2 NIR luminescence and ET process in single Yb
doped and Bi/Yb’* codoped germanate glass

Figure 2 (a) shows the NIR emission in the 900 ~ 1
150 nm wavelength range in Yb doped glasses, under
980nm excitation. The emission band around 1 030 nm
is characteristic luminescence of Yb’* ; *F,,-’F, , ener-
gy levels transition. With the increasing of Yb'* concen-
tration, the luminescence intensity increases firstly and
then decreases, the emission intensity of Yb’* ion in
GLY3 glass is the highest one and the concentration
quenching happens in GLY4 glasses. In contast, there is
no emission band observed in GLB glass under 980 nm
excitation.

Intensity/a.u.
Intensity/a.u.

900 1000 1100 1200 1300 900 1000 1100 1200 1300
Wavelength/nm Wavelength/nm

(a) (b)

Fig.2 Infrared luminescence spectra of (a) single Bi doped
and Yb’* doped, and (b) Bi/Yb’* co-doped GLBYglasses,
excited by 980 nm LD
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Figure 2 (b) shows the NIR emission at 900 ~
1 350 nm wavelength range in GLBY glasses, under 980
nm excitation. There are main two emission bands a-
round 1 030 nm and 1 180 nm. The emission peaks a-
round 1 030 nm is characteristic luminescence of
Yb’*:’F,,-*F,, energy levels transition.
with GLY glasses, the emission wavelength around 1 180
nm is ascribed as Bi NIR related emission center. The
appeared emission peaks at 1 180 nm suggests that the

Comparing

ET process from Yb’ " ion to Bi-related NIR emitting cen-
ters existed in GLBY glasses, under 980 nm excitation.
According to our previous work, the emission peaks at
1 180 nm is assigned to Bi’ ions'"*’.

With the increasing in Yb’* concentration, NIR lu-
minescence intensity of Yb’" ions firstly increase then
decrease, and the emission intensity of Yb’* ion in GL-
BY2 glass is the highest one. Comparing with GLY glas-
ses, the luminescence intensity of Yb’" ions decrease
early. This phenomenon can be ascribed to ET progress
from Yb’* ions to Bi ions. As a result, NIR fluorescence
decay curves of GLY glasses and GLBY glasses at the
same Yb’ " ion concentration were investigated under 980
nm excitation.

Figure 3 shows the fluorescence decay curves at

’F,,, energy levels of GLY and GLBY glasses, under 980

nm excitation. The Yb’* ion single doped sample shows
a non-exponential fluorescence decay curve'"”! as depic-
ted in Fig. 3. Its value was confirmed from the numeric
fitting to be 7y,. Figure 3 also demonstrates that the in-

tensity of the fluorescence decays at the *Fj,, energy le-

vels of Yb’* ion for the samples in the order of GLBYI,
GLBY2, GLBY3, and GLBY4. It can be seen that the
fluorescent decays become quicker when the Bi is intro-
duced as an acceptor of energy transfer. Meanwhile, it
was found that all curves can be well fitted by a second-
([)r(]ler exponential decay mode as the following equation
19

I =A exp(-t/7,) + A, exp(-t/7,) , (1)
where I presents the luminescence intensity, A, and A4,
are fitting parameters, ¢ is the time, 7, and 7, are rapid
and slow lifetimes for exponential components, respec-
tively. Based on these parameters, the average decay
times of Yb’" ion (7y,, ) can be calculated by the fol-

lowing equation'"’ ;

AIT? + Aﬂ'i
Tyb-Bi = A1, + A1, , (2)
the ET efficiency can be calculated by the following e-
quation,,
Tyb-Bi
Ner = 1 - - , (3)
)
the values of 7y, , 7y,5 and g are calculated from the
above formula. With the Yb’* ion concentration increas-
ing, the fluorescence decay times of Yb** ions in GLY
glasses is 230.30 ws, 269.21 ps, 300.45 s, 255.87
s, respectively. The one of Yb’* ions in GLBY glasses
is 180. 15 ws, 204.27 s, 170.43 ps, 161.47 ps, re-
spectively. According to Eq. 3, the calculated values of
N are 21.77 % , 24.12 % , 43.27 % , 36.89 % , re-
spectively. With the addition of Yb’* ions, ET efficiency
increases at first and then decrease. With the increasing
of the Yb’" ion concentration, the population of the ET
progress increases and the ET efficiency increases also.
As a result, the luminescence intensity of Yb’* ions de-
creases early in Bi/Yb’" codoped GLBY glasses compa-
ring with GLY glasses. When the concentration quench-
ing happens in GLY4 glasses, the ET efficiency decrea-
ses.

NIR emission intensity of Bi ion is still decreased
even though the ET efficiency increases for GLBY3 as
shown in Fig. 2 (b). As well known, luminescence
properties of Bi ions is strongly influenced by the struc-
ture of glass matrix due to the electron configuration of Bi
is 6s°6p’. The effect of glass matrix on Bi ion NIR lumi-
nescence is nonegligible when the glass matrix is doped
with Yb** ions, because Yb’* ion has not only a high
coordination number but also a high degree of affinity for
a variety of hybrid atoms.

For glass matrix, optical basicity is a reflection of
glass microstructure and macro properties, which also
directly affect the physical and chemical properties of the
glass. Optical basicity is fundamentally related to the
chemical bonding in a solid and is related to the optical
properties of a material through the polarizability of elec-
tron clouds around atoms (ions) by electromagnetic
waves. According to a previous report'"® | when the opti-
cal basicity increases from 0.547 9 to 0.591 8 in borate
glasses, the concentration of [ BO, ] tetrahedrons decrea-
ses from 25 to 10 mol% and the boron coordination has
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Fig.3 The fluorescence decay curves near 1 030 nm of sin-
gle Yb’* doped and Yb/Bi codoped germanate glasses excit-
ed by 980 nm LD
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changed from [ BO, ] tetrahedrons to [ BO, ] in Bi doped
borosilicate glasses. Thus, the effects of glass matrix on
NIR luminescence properties of Bi’ ions could be consi-
dered similarly to the impacts of optical basicity of glass
matrix.
2.3 Optical basicity and NIR luminescence in single
Bi doped and Bi/Yb’* codoped germanate glass

The optical basicity (A) of glasses is calculated
from the empirical formula proposed by Duffy' "',

A =X, A, + XzA; + -~ XnAn , (4)

where X, , X;,-
and A,, A, - are corresponding moderating parameters.
The calculated optical basicity of GLBY1, GLBY2, GL-
BY3, and GLBY4 are 0. 689, 0. 698, 0. 708, and
0. 728, respectively. With the increase in Yb, O, concen-
tration, optical basicity increases.
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Fig.4 NIR luminescence of GLB and GLBY glass, under 808
nm excitation

K4 7£808 nm O A T ,GLB il GLBY BEESHE 5 (43
ARV SR

Figure 4 shows the change of NIR luminescence in
GLB and GLBY glasses with the increase of optical basi-
city under 808 nm excitation. As shown in Fig.4 (a),
the peak band around 1 300 nm is ascribed to Bi-related
NIR emitting centre, and assigned to Bi* ions from our

previous work'®'. According to optical basicity theory,
the higher optical basicity favors the higher valence state
of the multivalence metal ions. Increasing the optical ba-
sicity, the number of Bi* ions decreases, as well as the
NIR luminescence intensity of Bi* ions.

From Fig. 4 (b), there are two main emission
bands around 1 030 nm and 1 300 nm. The peak band
around 1 300 nm is ascribed to Bi™ ion NIR emitting
centre. The peak band around 1 030 nm emission is the
characteristic luminescence of Yb'* . *F,,->F, , energy
levels transition. The result implies that energy transfer
progress from Bi* ions to Yb'* ions may occur under
808nm excitation. Accompanying the increase in optical
basicity, all of the NIR luminescence intensities de-
crease.

According to our previous work!'®) | under 690 nm
excitation, the NIR emissions of Bi ion appeare at two
bands around 1 180 (ascribed in Bi’ ion) and 1 300 nm
(ascribed in Bi” ion) in GLBY glass, and their emission
intensities decrease with the Yb’* ion concentration in-
creased. The increase of Yb'* ion concentration indi-
cates that the optical basicity increases, which proves
that the emission band of Bi’ ion should be decreased
with the increase optical basicity. These results highly
agree with Zhous view'®'.

In general, the energy transfer progress from Yh’*
ion to Bi” ion will increase the emission intensity of Bi’
ion, however, optical basicity of glass matrix will de-
crease the emission intensity of Bi’ ion with the increase
in Yb,0; concentration. Thus, we further discussed the
dependence of 1, 4 ./ I 030 mn @nd the energy transfer ef-
ficiency (1) on the optical basicity in GLBY glasses,
under 980 nm LD excitation.
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Fig.5 The dependence of I, ¢ um” ! 030 nm @0d the energy
transfer efficiency (mng;) on the optical basicity in GLBY
glasses, under 980 nm LD excitation
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The dependence of I, 14 1”1 030 o @a0d ET efficiency
(mgr) on the optical basicity in GLBY glasses is shown
in Fig. 5. The ET efficiency increases firstly and then de-
creases with the increase of optical basicity, the change
of I} 160 wm” I 030 wm 18 Opposite to the variation of ET effi-

ciency.
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According to the reports of Sheng'”' and Jiang'"*,
the ligand structure influences strongly the ET efficiency
from Yb’* ions to Bi infrared emission centers. In our
previous work, increasing the optical basicity, partial
[ GeOg ] octahedrons change to [ GeO, ] tetrahedrons in
binary lithium germanate glass matrix' ™', The structure
of glass matrix becomes loose. The [ GeO, ] six-member
ring clearance radius in glass matrix decreases after
adding Yb’* ions with a high coordination number. As a
result, the ET efficiency increases. On the other hand,
partial [ GeO4 ] octahedrons change to [ GeO, | tetrahe-
drons in glass matrix, which makes the ET efficiency de-
crease. Thus, the ET efficiency from Yb’* ions to Bi’
ions increases with the increase of Yb’* ions concentra-
tion. Especially, when the 7, is up to 42.27 % , the
effect of ET efficiency on Bi ions NIR luminescent pro-
perties makes up the limits caused by the glass network
structure or optical basicity, leading to an improvement
in the bismuth ions NIR emission.

Therefore, the 1, 4 1”1} 030 decreases firstly and
then increases in Bi/Yb’* codoped glasses, which are
caused by both effects of optical basicity and ET efficien-
cy. At low concentration of Yb’* ions, the enhanced
effect of ET on the NIR luminescence of Bi’ ion only
makes the NIR luminescence intensity decrease slowly.
The NIR luminescence intensity continues to decrease,
but the ration of I, 4 ../ 1} 030 .m Changes into increasing
when ET efficiency is over 42.27% .

2.4 Energy transfer in Bi/Yb’* codoped germanate
glass

In this study, according to the comprehensive sur-
vey of the NIR emission performances of Bi/Yb’" co-
doped germanate glasses, the ET processes can be un-
derstood by the simplified energy schematic ( shown in
Fig. 6). When excited at the absorption bands at 980
nm around ’F,,, level of Yb’* center, the electron on
ES, energy level of Bi” can be excited through the energy
transfer process, and the emission of 1 030 nm from
Yb’* as well as the emission of 1 1 180180 nm from Bi’
can be observed simultaneously. The similar situation al-
so happens when excited at 808 nm of Bi* ion, NIR e-
missions from Bi* (1 300 nm) as well as Yb’* (1 030
nm) occur. Therefore, these ET processes, from Bi’ to
Yb’* and from Bi* to Yb’* , are proved by experimental
data. Due to the splitting of 6p-excitation level of low va-
lence Bi ions in solid-state compounds, the energy level
depends strongly on the strength of crystal field or glass
coordination field, and the ET process between Yb’* and
Bi-NIR-emitting centers might be changed in various
glass hosts.

3 Conclusions

The effects of optical basicity and ET on the NIR lu-
minescence properties in Bi/Yb'* co-doped germanate
glass were investigated. The 1 030 nm emission of Yb**
jons and 1 180 nm emission of Bi’ ions were observed un-
der excitation at 980 nm. The 1 030 nm emission of
Yb** ions and 1 300 nm emission of Bi* ions were ob-
served under excitation at 808 nm. The results indicate
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Fig.6 Schematic energy level diagrams of Bi*, Bi’

and Yb’* in Bi/Yb’* co-doped germanate glasses
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that ET exists between Bi-related NIR emission centre
and Yb’* ions. With the increase of Yb’* ions concen-
tration, ET efficiency from both Yb’* ions to Bi’ NIR e-
mission centre and optical basicity of the glass matrix is
increased. The ET progress increases the NIR emission
of Bi’ ions, but the optical basicity is unfavorable for Bi’
ions NIR emission. The enhancement effects of ET pro-
gress on the NIR luminescence of Bi’ ion make the NIR
luminescence intensity decrease slowly with increasing
optical basicity. These experimental results are useful for
obtaining high NIR luminescence and can act as a guid-
ance principle to obtain broadband fiber amplifiers in
wavelength division multiple systems.
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