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In this work, we proposed a feasible method to prepare the Bi/Al co-doped silica glass by using laser additive
manufacturing technology. Bi was uniformly doped into the silica matrix. The hydroxyl content of the glass
sample was measured to be 29.36 ppm. Using an 808 nm laser diode as the excitation source, a broadband
near-infrared emission from 1000 to 1600 nm was obtained. The emission peak was centered at 1249 nm,
and the corresponding FWHM was more than 400 nm. The results show that the laser additive manufacturing
technology is promising to fabricate highly homogeneous Bi-doped core materials with broader emission band,
which is beneficial to solving the communication capacity crunch and promotes the development of fiber com-
munication in the upcoming fifth and sixth generation systems.
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In recent years, with the development of cloud computing,
big data analyses, Internet of Things (IoT), and high
capacity and low delay communication, the explosive
growth of data transfer requires much higher capacity
for the optical fiber communication system[1,2]. It is facing
the new capacity crunch because of the excessive exploi-
tation of currently used Cþ L bands (1530–1625 nm)[3,4].
Researchers are trying to extend the existing band to fur-
ther increase the transmission capacity[5]. Bismuth-doped
silica glass, with broadband near-infrared (NIR) lumines-
cence properties ranging from 1000 to 1700 nm, covers the
whole telecommunication window[6–8]. This indicates that
Bi-doped glass is promising to solve the capacity crunch
and promote the development of fiber communication
in the upcoming fifth and sixth generation systems.
In 2005, Dianov et al. prepared the first Bi-doped

silica fiber and obtained 150 nm full width at half maxi-
mum (FWHM) broadband luminescence centering at
1150 nm[9]. In 2007, they reported 15W laser output power
in a single mode Bi/Al co-doped fiber[10]. To get longer
wavelength luminescence, Dianov et al. presented heavily
P or Ge co-doped in Bi-doped fiber and obtained 1300 to
1470 nm and 1600–1800 nm optical amplification[11,12]. In
2016, Thipparapu et al. reported a Bi-doped amplifier
with a flat gain of 25 dB from 1320 to 1460 nm[13].
In the above work, the Bi-doped silica glass and fibers

were fabricated by the modified chemical vapor deposition
(MCVD) method. MCVD is an in-tube deposition
process[9,14,15], in which SiO2 is deposited on the surface of
the silica substrate tube layer by layer and forms soot
layers. Then, the doping ions are doped into the soot

layers through the solution doping technique. Therefore,
the size of active core is limited by the deposition tube, and
a central dip or peak is hard to avoid due to the doping
ions volatilization during the sintering process[16]. More-
over, the doping concentration is seriously limited by
the adsorptive capacity of the soot layer. In the past de-
cade, researchers have been making great efforts on these
difficulties and proposed some new methods to fabricate
Bi-doped silica glass, such as nano-porous glass (NPG)
fabrication[17] and sol-gel process[18]. Among these new
methods, the melt-quenching method is outstanding to
prepare highly uniform and heavily doped Bi glasses
and fibers[19,20]. However, the emission FWHMs of Bi-
doped silica glass or fibers fabricated by the above meth-
ods are below 300 nm[17,18,21,22]. The broader band needs to
be extended for future transmission in the age of big data.

In this work, we introduced a laser additive manufactur-
ing technology to prepare Bi/Al co-doped silica core
material with broadband emission. In this non-chemical
vapor deposition (non-CVD) method, a CO2 laser beam
was utilized as a heat source to radiate the mixed powder.
The flexible control of source power density and beam dis-
tribution makes it more homogeneous for ion doping. Less
contamination and high doping concentration can be ob-
tained, benefitting from the contactless and direct sinter-
ing manufacture on raw materials. A large-dimension
active core is feasibly prepared without the limitation
of tube size. Based on the proposed laser additive manu-
facturing technology, we fabricated Bi/Al co-doped silica
glass. The glass properties including doping distribution
and hydroxyl (OH−) groups were characterized and
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discussed. The broadband NIR emission of glass was an-
alyzed under excitation of an 808 nm laser diode (LD).
The Bi-doped silica glass fabrication setup in this Letter

is shown in Fig. 1. Firstly, according to the composition of
0.5 mol% Bi2O3 (99.99%), 2.5 mol% Al2O3 (99.99%), and
97 mol% SiO2 (99.99%), which corresponds to weight
percentages of 3.68 wt% Bi2O3, 4.04 wt% Al2O3, and
92.28 wt% SiO2, the weight of raw materials was calcu-
lated, respectively, and then mixed uniformly. Secondly,
high temperature (about 1000°C) heating was operated
for the mixed powder over 24 h to reduce the OH− groups.
Afterwards, the laser sintering process was performed
within the setup in Fig. 1. The details are as follows.
A pure silica base rod was continuously and uniformly

heated by a CO2 laser source to over 2000°C and then a
melting zone was formed. The laser power density was set
to be 640W∕cm2. O2 was applied to carry the powder
through the coaxial powder feeding device and then have
it gradually deposited on the melting zone layer by layer.
The feeding rate was about 0.6 g/min. Under the radiation
of the CO2 laser, the core materials of Bi2O3, Al2O3, and
SiO2 were melted and then solidified when leaving the
melting zone. The base rod was constantly rotating and
moving downwards simultaneously during the whole proc-
ess. Finally, a cylindrical rod with length of about 9 cm
was obtained. A longer silica rod could be obtained if the
deposition process continues. Figure 2 shows a Bi-doped
glass sample polished into a 7mm× 7mm× 10mm red-
dish-brown cuboid.
The glass properties were measured by the instruments

as follows. The glass sample doping homogeneity was
characterized by the energy dispersive spectrometer
(EDS, JSM-6701F). The Fourier transform infrared
(FTIR) spectrometer (Nicllet 6700) was used to measure
the infrared absorption spectra for OH− concentration
analysis. The glass absorption spectrum was obtained
by a broadband light source and an optical spectrum ana-
lyzer (OSA, MAYA2000 Pro, 200–1100 nm). An 808 nm
LD was used to pump the Bi-doped glass sample, and the

emission spectra were received by another OSA (NIR
Quest 256, 900–2500 nm).

Figure 3 depicts the line scanning EDS result of the Bi
element in the glass sample. The line scanning range is 0–
250 μm. The intensity of Bi is around six, exhibiting small
fluctuations along the 250 μm scanning line. To further
explore the distribution homogeneity, the area scanning
EDS was also performed as shown in Fig. 4. It is clear that
no bright spots were observed in the whole area. This pro-
vides further evidence of uniform distribution for Bi ions.

It is known that high OH− content would introduce
much background loss at 1383 nm, which is located within
the working wavelength range of the Bi-doped fiber am-
plifier. Therefore, the FTIR spectrum of the glass sample

Fig. 1. Experimental setup for Bi-doped silica glass fabrication.

Fig. 2. Bi-doped silica glass sample.

Fig. 3. EDS line scanning of Bi.

Fig. 4. EDS area scanning of Bi.
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was measured and plotted in Fig. 5 to characterize the
OH− group’s level. The OH− concentration was calculated
using the formula below:

COH ¼ MOH

ϵ× ρ
×

1
d
× lg

T 0

T
: (1)

MOH represents OH− molar weight; ϵ represents the
extinction coefficient constant (77.5 L·mol−1·cm−1[23]);
ρ represents the glass density; d is the glass thickness. T0

and T are the transmission coefficients of baseline and ab-
sorption peaks around 3670 cm−1, respectively. According
to the above formula, the OH− content was mathemati-
cally deduced to be 29.36 ppm (parts per million). This
value is a little higher than that in mature MCVD tech-
nology, which is lower than 10 ppm[24]. We ascribed the
high OH− groups to direct contact between raw materials
and surrounding air during the feeding and deposition
process, resulting in extra OH− groups being introduced.
In future work, energy and beam distribution optimiza-
tions of the CO2 laser source as well as a clean room envi-
ronment need to be applied to reduce OH− groups.
Besides, the heating temperature could be increased by
100–200°C higher to get more effective reduction effects.
A broadband light source covering 300–1100 nm was

used to measure the absorption spectrum of the Bi-doped
glass sample, which is shown in Fig. 6. Four main absorp-
tion bands at 300, 500, 700, and 820 nm are similar to the
characteristic absorption peaks in other glasses[25]. The
strong absorption band at 300 nm was ascribed to the ab-
sorption edge of the Bi2O3-containing glass system[21].
The fluorescence spectrum of the glass sample was also

measured using the setup in Fig. 7. An 808 nm LD was
used as the pump source. After collimating and focusing
on the target sample, the emission light was collected by
an OSA through a collimation lens. A long-pass filter was
inserted before the OSA to remove the pump light, which
would cause the second diffraction at 1600 nm.

Figure 8 displays the normalized NIR emission spec-
trum from 900 to 2000 nm under excitation of an 808 nm
LD. The emission peak wavelength was at 1249 nm
(Biþ∶ 3P1 → 3P0

[14]) for 5 W pump power, corresponding
to FWHM of 418 nm. It is much broader than those
in silica glasses fabricated by other methods (262 nm in
MCVD[14], 263 nm in NPG[22], and about 100 nm in
sol-gel[18]). The reason for such a broad bandwidth in our
method might be attributed to the difference in the heat
treatment history during the fabrication process for differ-
ent methods[26,27]. The active center itself or its local

Fig. 5. FTIR spectrum of the Bi-doped glass sample. Fig. 6. Absorption spectrum of the Bi-doped glass sample.

Fig. 7. Experimental setup for emission spectrum measurement
of the glass sample.

Fig. 8. NIR emission spectrum of Bi-doped silica glass under
808 nm LD excitation.
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environment would be modified under the influences of
different high temperatures. Detailed mechanisms on this
issue still need to be further explored. Nevertheless, the
results give the evidence that the Bi-doped silica glass pre-
pared by our method is promising for realizing broadband
transmission or use as an ultra-broadband light source.
Better broadband emission could be expected if the fabri-
cation process is optimized. The next work would be the
exploration and optimization of doping concentration, sin-
tering temperature, reduction of OH− content, etc.
In conclusion, we proposed a newmethod for fabricating

broadband Bi-doped silica glass using laser additive
manufacturing. The Bi ions were homogeneously doped
into the silica matrix. A broadband emission from 1000
to 1600 nm was obtained, corresponding to 1249 nm emis-
sion peak and over 400 nm FWHM value. The results dem-
onstrate that the proposed method is feasible and
promising to get homogeneous Bi-doped core material
with broadband emission, which shows great potential
in next generation broadband amplification for optical
communication systems.
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