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Bismuth (Bi)-doped materials have attracted a great deal of attention because of their broadband near-
infrared (near-IR) emission around the wavelength utilized in telecommunications. In this study, broad
near-IR emission band from 1100 to 1650 nm is generated in the Bi-doped 90GeS2-10Ga2S3 glass and
glass-ceramics under 820 nm of light excitation. Based on the analysis of the absorption and emission
spectra, the origin of this broadband emission is ascribed to the Bigf dimers. The precipitation of 8-GeS2
nanocrystals drastically enhances the emission intensity and lifetime of Bi-doped chalcogenide glass.
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The development of wavelength division multiplexing
(WDM) technology based on Er®* ion-doped fiber am-
plifier has promoted the progress of optical communi-
cation over the past decades. However, Er3* ion-doped
optical amplifiers can only generate optical amplification
at around 1.55 pm, with a bandwidth of less than 80 nm,
because of the limited luminescent bandwidth of 4f-4f
transition. As the transmission capability of the current
1.55-um window is closely approaching saturation, the
amplifiers in the 1.31-um communication window, where
the silica glass fiber shows zero dispersion, has started to
draw the attention of researchers. Dy3* and Pr®t ions
are the most explored rare-earth (RE) ions because of
their 1.31-um fiber amplifier. However, these ions have
limited bandwidth. Thus, researchers started search for
host materials with lower phonon energy or multiple
RE-ion co-doping technologies to surpass this bandwidth
limitation* =3, Fujimoto et al. pioneered the work on
novel infrared (IR) luminescent from Bi-doped silica
glasses and generated 1.31-pm optical amplification un-
der 0.8-pm excitation”. Meng et al. later investigated
the Bi luminescence phenomena under different oxide
glass compositions!®~®. Recently, Dianov et al. made
great progress on the Bi-doped fiber laser®=!!l, wherein
a 2-W fiber laser has been generated in the wavelength
ranging from 1300 to 1500 nm. This remarkable progress
indicated that Bi-doped materials are the most promis-
ing candidates for the fiber amplifier or fiber laser in the
NIR range.

Among all kinds of host glasses, chalcogenide glasses
exhibit low phonon energy, which can decrease the multi-
phonon relaxation rate and allow the observation of
certain transitions in RE dopants that cannot be ob-
served in traditional glasses such as silical'?l. Ren et
al. first reported luminescence of Bi-doped chalcohalide
glasses; however, the obtained glasses exhibited poor
chemical durability because of the large amount of KBr
contained!'3=1% In 2008, Dong et al. reported the
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broad emission with 200-nm full-width of half-maximum
(FWHM) in chalcogenide glass and suggested that the
low valence state of Bi contributed to the broadband
IR luminescencel'dl. Recently, Hughes et al. reported
a super broad emission of Bi (FWHM=800 nm) in the
gallium lanthanum sulphide (GLS) glass!'”). Therefore,
further studying the Bi-doped chalcogenide glass to ob-
tain more evidence to clarify the origin of the broad NIR
emission is necessary. The nanocrystal-enhanced NIR
emission has been realized in the present work. The
extremely low phonon energy and improved mechani-
cal strength of chalcogenide glass-ceramics are favorable
properties. The assumption of the origin has been pro-
posed by comparing the absorption and emission spectra
of the alumosilicate or GLS glasses!!7-18!,

The 90GeS2-10GasS3 glass was selected as the matrix.
The bandgap wavelength of the chalcogenide glass is very
sensitive to the Bi contents!'®!. Thus, only 0.25-mol%
BiyS3 was introduced as dopant to keep the pump laser
from not being absorbed by the glass matrix. Ten grams
each of highly-pure germanium, gallium, sulfur, and Bi
with 5 N purity were mixed and introduced into a fused
quartz tube with a 10-mm-inner-diameter. The tube
was sealed under vacuum, and then melted in a rocking
furnace for over 10 h at 980 °C. The temperature was de-
creased to 900 °C, and then the silica tube was quenched
vertically into water after 2 h. The sample was annealed
at 350 °C for 2 h and slowly cooled to room tempera-
ture to remove the inner stress. Afterward, the tube was
carefully broken and the glass rods were obtained. After
cutting and polishing, several slices of the sample with
double-mirrored surface were prepared for further heat
treatment (HT). A 10-mg sample was used to measure
the glass transition temperature (T) using the Q2000
differential scanning calorimeter (DSC, TA instrument,
New Castle, DE, USA). According to the DSC curve of
the Bi-doped GeS3-GasS3 glass, the T, was 366 °C when
the heating rate was 10 °C/min. Subsequently, the se-
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lected samples were treated at 386 °C (T + 20 °C) with
different durations.

Powder X-ray diffraction (XRD) measurement was
performed on a D2 (Bruker Corp., Ettlingen, Germany)
diffractometer (Voltage=30 kV, current=10 mA, Cu Ka)
with a step width of 0.02° to verify the amorphous state
or crystallization of the samples. The XRD patterns of
the glasses were collected in the range of 10° < 26 < 80°.
A VEGA 3 SBH scanning electron microscope (SEM,
Tescan, Brno, Czech Republic) in secondary electron
mode was used to observe the interior of the glass ce-
ramic. Optical absorption spectra were measured us-
ing the Lambda 950 UV/VIS/NIR spectrophotometer
(Perkin-Elmer, Massachusetts, USA) at room tempera-
ture. The emission spectra and the fluorescence decay
curves were recorded using a FLS920 fluorescence (Ed-
inburgh Instruments Ltd., Livingston, UK) spectropho-
tometer. The emission spectra were collected by liquid
nitrogen-cooled Hamamatsu R5509-72 photomultiplier
tubes in the range of 1000 to 1700 nm, with a 450-W
Xe lamp as the excitation source. An 850-nm filter was
placed in front of the detector to eliminate the noise
from the excitation lamp. All the emission spectra were
corrected by the correction files supplied by the manu-
facturer.

Figure 1 shows the absorption spectra of the glass
sample heat-treated at 386 °C with different durations.
Surprisingly, a weak absorption band centered on 820 nm
appeared. Hughes et al. observed this absorption band
around 850 nm['”), but this absorption band was not
given any attention. This absorption transition matched
well to the Bi2~ dimers!'8! and guaranteed the pumping
scheme used in this study. The absorption edge, Ayis, of
the glass is very sensitive to the presence of crystal in
the glass matrix. With longer heat treatment, a red-shift
of the A5 was observed, indicating that nanocrystals
precipitated in the glass matrix. The SEM images also
confirmed that the nanocrystals have precipitated in the
sample heat treated for 36 h, as shown on the top right
portion of Fig. 1. Clearly, the size of the crystals is less
than 100 nm, but not homogeneous.

Figure 2 shows the X-ray diffraction of the glass sam-
ples heat-treated at 386 °C for 36 h. Compared with
that of the precursor glass, several small peaks appeared
on the XRD pattern. Another sample was heat-treated
at 460 °C for 24 h and prepared as a reference to clearly
observed the crystallization peak. The XRD pattern of
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Fig. 1. Absorption spectra of the glass samples heat-treated
at 386 °C for 0, 21, and 36 h, respectively. Insets are the
corresponding SEM images.
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Fig. 2. XRD patterns of the glass samples heat-treated at 386
°C for 0 and 36 h, respectively. The patterns of the sample
heat-treated at 460 °C for 24 h and (3-GeS2 are also included
as references.

the reference sample is consistent with the 9-GeSs crys-
tals. This observation is similar to our previous study
on (100-z) GeSy — xGagS3 (mol %) glasses, where the
(-GeSs precipitated first while the z was less than 14.3
mol %'9. The average size of the crystals was calculated
as 62 nm using the Scherrer equation. The calculated size
of the crystals agrees with the observation under SEM.
Under the 820-nm light excitation, a broad NIR emis-
sion band from 1100 to 1650 nm can be observed in Fig.
3. The spectroscopic analysis was limited because of the
upper limit of the spectrometer at 1 700 nm. With longer
HT, the emission intensity was much enhanced and the
FWHM increased from 182 to 204 nm. The emission
band of RE ions becomes sharper (or narrower) after the
crystallization of the glass because of the crystal field
effect. However, the broader FWHM of the Bi ions was
probably due to the more luminescent center formed in
the glass after heat treatment. This broadband emission
covers the O, E; S, C, L bands (1260 to 1625 nm), indi-
cating that Bi-doped chalcogenide glass is promising for
ultra-broadband amplification. After Gaussian fitting,
three emission bands centered 1273, 1490, and 1593
nm was observed. A similar broad emission was found
by Hughes et al. under 980-nm excitation'”. Unfortu-
nately, the emission spectrum measured under 808-nm
excitation was not shown in his paper, thus we cannot
provide more comparisons.

The fluorescence decay curve of the glass sample heat-
treated at 386 °C for 36 h and monitored at 1273 nm
is shown in Fig. 4. This decay and the other measured
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Fig. 3. Emission spectra of the glass samples heat-treated at
386 °C for 0, 21, and 36 h, respectively.
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Fig. 4. Time decay curves monitored at 1275 nm of the glass
samples heat-treated at 386 °C for 36 h. Inset: dependence
of decay time on the HT durations.

emission decays cannot be fitted well with the first-order
exponential decay. However, the second-order exponen-
tial decay equation with better-fitting results can be
used, indicating that the decay process may consist of
one slow process and one fast process. This fluorescence
decay deviation is probably due to the Bi ions occupying
different sites in the disordered glass matrix. Thus, the
mean decay time was used to calculate the fluorescence
lifetime using

It
= [ 2, (1)

to

where I(t) is the luminescence intensity as a function
of time ¢ and Iy is the maximum of I(¢) that occurs
at the initial time ¢o. With longer HT, the lifetime of
the glass samples increased almost linearly from 62.2 to
106.4 ps, as shown in the inset of Figure 4. The emission
spectra and the fluorescence decay curve suggested that
the (3-GeSy nanocrystals have a positive effect on the
NIR emission. The multi-phonon relaxation process usu-
ally quenches the radiative transition of transition metal
ions. The room temperature luminescent decay time, 7,
is mainly determined by the non-radiative decay time,
Tar- According to the Mott and Gurney model, 7, can
be described by a single Arrhenius factor related to the
occupation probability of the electrons in the vibration

excited state:
AFE
nr — A ~—TF7 | 2
e = Aexp (- 27 ) 2

where A is a constant, k is the Boltzmann constant, AFE
is the activation energy, and T is the temperature. Ac-
cording to the single configurational coordinate model,
the stronger the crystal field is for a specific site distri-
bution, the larger the activation energy. Therefore, the
longer emission lifetime was due to the stronger crystal
field caused by the precipitation of 3-GeSs crystals.
However, the exact valent bismuth ion that contributes
to the infrared emission still needs to be determined!*.
Some authors insisted on the Bi3T or Bi®t ion, based
on the 27AI-NMR, ESR, XPS, and EXAFS measure-
ments; however, Meng et al.l®~") suggested that the Bi,
clusters or low valence state of Bi (such as Bit, Bi*")

resulted in the IR luminescence. Dianov et al. per-
formed quantum-chemical calculations on the spectro-
scopic properties of Bi; and Bi? dimers and proved
that the interstitial negative Bi dimers are the centers of
the NIR luminescencel’®. Although the aforementioned
views were confirmed by various evidence, we cannot pro-
vide a conclusion on which valence of Bi is the origin of
the NIR luminescence. Cubicciotti studied the reaction
between Bi and S, and suggested that the synthetic is

BigS[32O’21]. When Bi is introduced into the chalcogenide
glass, the valence of the Bi ions tends to maintain a low
valence state because of the high deoxidization of the sul-
fur. Considering the absorption peak around 820 nm and
the broad NIR emission from 1100 to 1 650 nm, it is rea-
sonable to exclude the BiT: 3Py — 3P4 because a 1475-
nm emission cannot be generated from BiT ions. Between
the Bi?* ions and Bi3~ dimers, the emission characteris-
tic of the latter is similar to the present study!'®l. Hughes
et al.l™ found emission bands at 2000 to 2600 nm in the
GLS glass at low temperature, and proposed that the
emission is ascribed to the transitions ! 3" ¢ —3 3" ¢ and
IS8 =3 S0 & of the low-lying states of a Bi3~ dimers.
Therefore the Bi3~ dimers is the most probable reason
for the broadband near-IR emission.

In conclusion, broad NIR emission extending from 1 100
to 1650 nm is generated in the Bi-doped 90GeS2-10GasS3
glass. The origin of this broad emission is probably re-
lated to the Big_ dimers. The precipitation of the (-
GeS2 nanocrystals enhanced the emission intensity and
the lifetime of Bi3~ dimers. These observations show that
the Bi-doped chalcogenide glass ceramic would be a new
active medium for NIR lasers and amplifiers.
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