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The pursuit of advanced fiber laser technologies has driven research toward unconventional manufacturing techniques.
In this work, we present an erbium-doped fiber laser made using powder-based additive manufacturing. An Er3+/Al3+

co-doped silica glass rod was printed using laser powder deposition and then used as the core material in a fiber preform.
The fiber drawn from the preform exhibited the complete, desired functionality linked to Er3+ doping. To demonstrate
this, a standing wave laser cavity was formed with the feedback attained from the cleaved ends of the manufactured fiber.
The high quality of the fiber is showcased through a low background loss, single-mode operation, a 9.4% laser slope effi-
ciency, and an output of 4.5 mW, limited by the available pump power. This proof-of-concept opens up promising areas
for rapid fabrication and development of high-performance fibers and fiber lasers.
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1. INTRODUCTION

Silica glass is widely used as a decorative and technological material
in, for example, packaging, tableware, window sheets, optics,
and optical cables. Glass is commonly made by rapid cooling
(so-called quenching) of its molten form [1]. This fabrication
approach is suitable for various consumer products, but other
more advanced techniques are preferred to achieve the ultrahigh
purity necessary for high-performance devices (e.g., specialty
fibers). Although specialty fibers used in lasers or amplifiers can
be made using various host materials such as polymers, phos-
phate, and fluoride glass [2–7], silica glass is highly desirable due
to its superior optical properties, robustness, and easy integration
with an existing infrastructure [8]. For high-performance silica,
advanced manufacturing techniques include, for example, outside
vapor deposition (OVD) or modified chemical vapor deposition
(MCVD) [9]. Modification of ultrapure silica is typically done
by introducing additional dopants to the glass; i.e., to control
the refractive index (RI), generate gain, or increase the solubility
of other dopants to prevent clustering. These objectives can be
achieved concurrently through co-doping with Ge4+ and Al3+

[10–14]. A specific example of such functional, multicomponent
glass compositions are rare-earth (RE) ion co-doped glasses, which
are used in fiber lasers and fiber amplifiers [9,13]. When a complex,
multicomponent glass composition is required, the conventional
fabrication procedure can be time-consuming and expensive.
Furthermore, it may lead to variations in the composition at the
center of the preform [15,16], which can lower device efficiency.

Additive manufacturing (AM), also referred to as 3D printing,
is an attractive fabrication option, where reduced waste and short
production cycles are widely recognized. Today, AM is commonly
used to make single components as well as working prototypes.
Although AM of silica-based glass is challenging, several tech-
niques have been demonstrated in recent years. These can be either
a multistep procedure using silica nanocomposites [17–20], a
single-step method such as glass filament fusing [21–25], or glass
powder sintering [26,27]. Laser powder deposition (LPD) is a
technique derived from laser cladding [28,29], where the combi-
nation of submicron silica powders and mid-IR CO2 laser melting
allows highly transparent objects to be printed [27]. In recent years,
AM of fiber preforms, and thus optical fibers, was demonstrated
using polymers [30], low melting temperature glasses [31], the sil-
ica nanocomposites mentioned earlier [32,33], and also silica fibers
with preforms fabricated using the LPD technique [34]. However,
the practical use of AM passive fibers has so far been limited by their
high transmission loss [34,35].

In this work, we demonstrate an Er-doped fiber laser (EDFL),
based on a high-quality gain fiber made via powder-based AM.
First, we used LPD to print an Er3+/Al3+ co-doped silica glass
rod. The rod was then sleeved into a quartz tube, and collapsed
and drawn into a 125 µm diameter fiber. A section of the fiber was
then pumped at the Er3+ absorption peak (λp = 976 nm) and a
strong emission was detected in the telecom C-band, indicating
a high-quality fiber. This showed that the fiber can be suitable as
the gain fiber in an EDFL. To demonstrate this, a laser cavity was
formed using the Fresnel reflections from the air–glass interface at
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the cleaved ends of the gain fiber (R≈ 3.5%). Even with this small
feedback, the lasing at the emission peak at 1532 nm (4I13/2−

4I15/2

transition) was observed when the fiber was pumped with a laser
diode operating at 976 nm. A maximum power output of 4.5 mW
was achieved with a 9.4% slope efficiency. This highlights that
our unconventional AM approach using LPD can produce high-
quality gain fibers for fiber lasers. Although demonstrated here
for Er3+-doped gain fiber fabrication, this AM approach can be
readily extended to other rare-earth oxides. Crucially, the method
gives flexibility in terms of fast optimization of the fiber core
compositions, potentially reducing the time and cost of new fiber
development.

2. SILICA FIBERS VIA LASER POWDER
DEPOSITION

The rapid prototyping procedure for silica fibers was used to
make the gain fiber used in this work, as shown in Fig. 1 and [34].
To achieve the glass composition necessary for the active fiber, a
mixture of three submicron powders was prepared: fumed SiO2

(as a glass-forming host), alumina (Al2O3) (for RI control [10]),
and erbium oxide (Er2O3) (for gain properties). Table 1 shows
the raw materials and their ratio in the final powder blend. To
achieve the desired properties of the fiber, the powder compo-
sition was designed using the doping parameters investigated
in [34]. Here, an NA of approximately 0.1 was expected when
using 5.7 wt. % of alumina [34]. The Er2O3 concentration of
0.7 wt. % was used to directly evaluate LPD impact on the gain
performance when compared to other works [36,37]. A total
of 150 g of the powder mixture was processed using a ball mill
until a homogeneous powder distribution was achieved. The
mixture was fed into the printing chamber via a laser-powder
print head. This print head consisted of three powder-feeding
nozzles, which were placed symmetrically (120◦ offset) around
a centrally positioned CO2 laser beam (λ= 10.6 µm, spot
size of 1.1 mm, P= 47 W, M2 < 1.3). A detailed print-head
description can be found in [27]. The CO2 laser beam was used
to form a melt pool in a quartz glass substrate (flat plate, 1 mm
thick, Plan Optik AG), and subsequently to melt the powder
injected into the melt pool. A powder feeding rate of 0.5 g/min
was used. A solid glass cylinder with an outer diameter (OD) of
1.2 mm was printed upon vertical translation (1 mm/s) of the

print head while feeding the powder, as shown in Visualization 1.
Typically, the volume of the printed rod is fully densified, with a
partly sintered surface, with a thickness up to 15µm, similar to the
rods shown in [27].

To obtain the core-cladding layout of the preform, the rod was
then sleeved in a quartz tube (Goodfellow) and tapered to an OD
of 6 mm with a core diameter of 200 µm. This preform was then
drawn into a 125 µm OD fiber, with the expected core diameter
of ≈ 4.2 µm. The fiber was coated with a UV-curable, high RI,
silicone coating (OF-154L, ShinEtsu). A schematic of rapid proto-
typing of silica fibers is depicted in Fig. 1, and details can be found
in [34].

3. METHODS FOR MATERIAL AND FIBER
EVALUATION

To initially evaluate the quality and the physical properties of
the manufactured glass, we used energy dispersive spectroscopy
(EDS) to assess the printed glass composition (AZtec, Oxford
Instruments). Measurements were performed on both the printed
test rod and the manufactured fiber. Carbon and chromium coat-
ings were used to improve the conductivity of the rod and the fiber,
respectively. Additionally, the UV-VIS transmission of a 2 mm
long section of the rod, with polished end-faces, was measured
using a spectrophotometer (Cary 50, Varian).

To evaluate the transmission properties of the fiber, a fiber-
coupled white light source (WhiteLase SC480, Fianium) was
butt-coupled to the fiber, while the output was monitored with an
optical spectrum analyzer (OSA). The fiber’s NA was estimated via
measurement of the output divergence angle.

Additionally, the cutback method was used to obtain the trans-
mission loss (α) of the fiber. For the transmission loss α, at the
pump wavelength λp = 976 nm, we used a fiber-coupled laser
diode (BL976-SAG300, Thorlabs), butt-coupled to our fiber, and
the output was monitored with a power meter (S120C, Thorlabs).
For the transmission loss at the wavelengths around the expected
amplified spontaneous emission (ASE) (i.e., α at λs ≈ 1530 nm),
the counter-propagating ASE signal generated from a commer-
cial Er-doped fiber (M12-980-125, Thorlabs) was used. This
signal was then butt-coupled into our fiber. The transmitted sig-
nal was monitored with a power meter (S122C, Thorlabs). The

Fig. 1. Sketch of the rapid fiber manufacturing stages: (1) rod making via LPD (see also Visualization 1), (2–3) preform assembly, and (4) fiber drawing.
The insets show: (left) a photograph of an ongoing LPD and (right) a micrograph of a typical fiber end face.

Table 1. Powders Used in the Experiments

Powder Silica (SiO2) Alumina (Al2O3) Erbium Oxide (Er2O3) Powder Mixture

Particle size [nm] ≈ 15 ≤13 ≤100 SiO2/Al2O3/Er2O3

93.6/5.7/0.7 (wt. %)Manufacturer Alfa Aesar Sigma Aldrich US Research Nanomaterials Inc.
CAS no. 7631-86-9 1344-08-1 12061-16-4
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Fig. 2. Schematic of the EDFL arrangement. The bare fiber ends worked as laser mirrors.

cladding modes in these experiments were suppressed by using a
RI-matching oil.

A 35 cm long section of the fiber was evaluated as a laser
by pumping it with the fiber-coupled 976 nm diode laser
(BL976-SAG300, Thorlabs). A fiber-based wavelength divi-
sion multiplexer (WDM) with an angle polished connector (APC)
was used to launch the pump and extract lasing radiation in the
backward direction. On both ends of the gain fiber, the cleaved
fiber ends acted as cavity reflectors [13,36]; thus, the laser was emit-
ting in both directions, as shown in Fig. 2. The absorbed pump
power within the laser was calculated using the α at λp = 976 nm,
and residual pump power measured in the forward-propagating
end of the laser cavity. Furthermore, the coupling efficiency of 49%
between the pump and the gain fiber was established through the
ratio of the calculated in-coupled power and the output power
of the pump. This was then used to estimate the slope efficiency
of the laser. The forward-propagating EDFL beam profile at λs

was recorded using a pyroelectric camera (Pyrocam III, Ophir
Optronics Solutions). Here, a long-pass filter was used to block any
residual pump light.

4. EXPERIMENTAL RESULTS

A. Material Properties

A 20 mm long test rod was printed and manually removed from the
substrate. Subsequently, the rod was diced into several test samples.
Three cuts, parallel to the rod’s base, were made using a high-speed

rotational saw (DISCO Corp.). To expose the inner volume of the
rod (vertical cross-section in Fig. 3), the middle piece was polished
longitudinally. A sketch of the prepared samples and obtained spec-
tra are shown in Fig 3. The material composition in different scans
corresponded to the powder mixture composition. Additionally,
a deviation in average aluminum concentration within each scan,
as shown in Fig. 3(c), was≤0.3 wt.% for samples of several printed
test rods. During this measurement, the erbium concentration
was found below a threshold for a reliable wt% profile estimation.
To examine the erbium content, a 2 mm long section of the test
rod was used to measure the UV-VIS transmission of the printed
rod. Figure 3(c) shows the resulting characteristic Er3+ absorption
peaks at 380 nm, 520 nm, and 650 nm [13].

One of the fabricated 20 mm long rods was used as a core
material in the optical fiber. To achieve a core-cladding layout, the
rod was sleeved in a pure quartz tube. The rod-in-tube assembly
was collapsed, and then tapered to a final preform, as described
in [34]. The preform was then drawn into a fiber using a laser-
based fiber drawing tower [38] with a drawing speed of 20 m/min.
Figures 4(a)–4(c) show, respectively, the cross-section of the fiber,
the obtained EDS spectrum, and the line scan of the composition
across the core. The SEM image of the core area, shown in the
inset in Fig. 4(a), depicts the visible contrast between the core and
cladding, indicating a material difference between them. Using the
SEM image, a core diameter of ≈4.4 µm was measured.

Fig. 3. (a) Schematics of different test samples cut from the printed test rod. (b) Example EDS spectrum from the horizontal cross-section (Scan 3, the
carbon peak comes from the carbon coating applied for the EDS measurement) of the test rod. (c) EDS doping profiles for each of the scans shown in (a).
(d) UV-VIS absorbance spectrum was measured through the 2 mm long transmission sample.



Research Article Vol. 10, No. 10 / October 2023 / Optica 1283

Fig. 4. (a) Micrograph of the manufactured fiber and SEM image (contrast increased) of the core (scale bar corresponds to 2 µm), (b) EDS spectrum
retrieved from the core of the fiber. Insets show the dopant distribution in the area around the core (scale bars correspond to 2µm), and (c) EDS line scan for
the core. The displayed, measured core diameter was measured using the SEM image.

Fig. 5. Micrograph (a) of the manufactured fiber (in right) spliced with commercial passive fiber (in left), and photographs of an approximately 30 cm
long section of fiber (b) used as a fiber laser, and (c) guiding fiber-coupled red diode.

B. Fiber Performance

To demonstrate the compatibility of this fiber with other commer-
cial silica fibers, it was spliced with a passive fiber (core diameter of
10 µm, NA= 0.2). Figure 5(a) shows a micrograph of the spliced
fibers. Low power (976 nm) was then launched into the passive
fiber and green upconversion from the Er ions can be seen in the
printed fiber. In Fig. 5(b), the pump was directly butt-coupled via
APC to the gain fiber. This layout was later used as the laser cavity,
as shown in Fig. 2. The clearly visible green glow in Figs. 5(a) and
5(b) is attributed to the cooperative upconversion from the 4I11/2

level and is a nonlinear function of the population of that level.
Homogeneous doping is suggested by the uniform glow over the
entire length of the fiber under investigation, with no noticeable
scattering centers. The latter is further depicted in Fig. 5(c).

The transmission spectrum of the manufactured fiber in
Fig. 6 shows the characteristic absorption bands of Er3+,
with peaks at λ= 650 nm (4F9/2), 800 nm (4I9/2), 980 nm
(4F11/2), and 1530 nm (4I13/2), respectively [39]. To com-
plement this measurement, the transmission loss at the pump
(λp ≈ 980 nm, α = 17.3 dB/m) and at the signal (λs ≈ 1530 nm,
α = 23.9 dB/m) wavelengths were measured by injecting these
wavelengths into the fiber at small-signal power levels and using
the cutback method. Measurement of the background propagation
loss was performed outside the Er-absorption band using a laser
operating at 1342 nm. The loss at this wavelength was estimated to
be α� 1 dB/m. The loss was based on seven cutbacks, while the
complete representation of such low loss was limited by the rela-
tively short length of the fiber (≈0.5 m). Additionally, we verified
that the fiber was transversely single-mode at λs , and it had an NA
of approximately 0.103, estimated via measurement of the output
divergence angle. The fiber parameters are listed in Table 2.

Fig. 6. Transmission spectrum of an approximately 40 cm long fiber
measured with the OSA. The loss values (α) marked by arrows in the
figure were obtained using cutback measurements.

A 35 cm long section of the fiber was then pumped to character-
ize the laser properties. It was pumped with the 976 nm diode and
the cavity was formed without external mirrors. The feedback was
obtained from the end faces of the cleaved fiber. The characteristic
laser spectrum is shown in Fig. 7(a) with the emission centered
around the Er-gain peak at λs = 1532 nm. The inset shows the
beam profile at λs measured at a distance of approximately 3 cm
from the end face. The fringes visible in the beam profile are a
consequence of an uncoated long-pass filter placed in front of
the camera used to block any residual pump radiation. The laser
threshold was observed at an absorbed pump power of 47 mW with
a slope efficiency of 9.4% as shown in Fig. 7(b). The maximum
output power of 4.5 mW at λs = 1532 nm was limited by the
available pump power. An upper-state lifetime (τLPD) of 8.4 ms was
measured, as shown in Fig. 7(c).

5. DISCUSSION

An Er/Al co-doped silica glass rod was made via LPD and used
as the core material in a fiber preform, from which the fiber
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Table 2. Parameters of the Manufactured Fiber

OD Core Diameter NA ≈1n α (976 nm) α (1342 nm) α (≈ 1530 nm)

125µm ≈ 4.4 µm ≈ 0.103 0.004 17.3 dB/m <1 dB/m 23.9 dB/m

Fig. 7. (a) Output spectrum for the laser. Inset shows the output mode. (b) Output power as a function of absorbed pump power. (c) Comparison of
upper-state lifetime curves between our fiber (τLPD) and a commercial (τER30) Er-doped fiber (ER30, Thorlabs).

(OD= 125 µm) was drawn. The small laser-induced hot-zone
used in LPD provides higher heating and cooling rates compared
to traditional glass-making methods. The heating and cooling
dynamics can be observed in the black-body radiation recording in
Visualization 1. The rapid, laser-induced heating, combined with
different airborne powders, can potentially lead to different depo-
sition and evaporation rates for each of the compounds combined
in our powder mixture. However, it was shown that the material
composition of the powder mixture was maintained across and
along the rod, implying its high homogeneity, as shown in Fig. 3(c).
Clearly, the LPD printing process maintained the expected com-
position. The powder efficiency of our process was measured to be
approximately 30% by the ratio between the weight of the printed
rod to the weight of the powder used for printing. It is, however,
important to mention that due to reduced shadowing effects [29],
and thus minimal heating of the airborne powder upon passing the
CO2 laser beam, the unused powder can potentially be collected
and reused. We consider it as one of the areas that can be addressed
in future work.

In the manufactured fiber, the size of the core measured using
the SEM image [Fig. 4(a)] shows that the potential diffusion of
dopants reached <0.5 µm into the cladding. Furthermore, EDS
analysis of the fiber showed a symmetric doping distribution over
the core; note the logarithmic scale in Fig. 4(c). The concentra-
tion gradient in Al- and Er- distribution seen in Fig. 4(c) is likely
a convolution of the 3 µm diameter EDS probe beam and the
actual elemental distribution across the core. The characteristic
homogeneous green glow, linked to the upconversion through
the pumping level, suggests a homogeneous Er3+ doping along
the length of the fiber, as shown in Fig. 5(b); note that no visible
scattering centers were observed. The high doping levels, with
negligible variations in composition in the core, improve gain con-
ditions compared to the typically obtained doping profile [15,16].
Moreover, the clear, characteristic absorption peaks of Er3+ and
low background loss (Figs. 3 and 6), indicate the high quality of
this gain fiber.

The results showcased by this fiber were possible due to several
improvements of our earlier work. The periodic undulation of the
printed rod’s diameter [27] was significantly reduced by improving
the mechanical components of the LPD system. This ensured a
void-free core-cladding interface of the fiber. Second, based on

the experimental data, the composition of the LPD-made glass
was altered compared to [34] to increase the step-index profile of
the fiber; thus, reducing the bend sensitivity and ensuring stable,
single-mode operation. Additionally, we increased the Er2O3 to
0.7 wt% in our powder mixture to provide a sufficient concen-
tration of active ions, which is necessary for a relatively short and
simple fiber laser.

A 35 cm long section of the fiber was used in a proof-of-concept
EDFL. The laser cavity was formed with Fresnel reflections at
the air–glass interface at the cleaved ends of the fiber; thus, both
ends of the fiber acted as the output couplers with approximate
96.5% output coupling [13]. For cw operation, the gain of the
fiber must compensate for the overall loss. The laser operated at
the wavelength around 1530 nm, where the gain is highest, but the
quasi-three-level nature in this spectral range imposes reabsorption
in the unpumped part of the fiber. A population inversion of at least
50% is required to overcome the reabsorption losses and achieve
gain. The fact that lasing occurred at 1530 nm suggests that the RE
ion clustering is limited because the upconversion rate is a non-
linear function of the upper state concentration. It should also be
noted that elements for wavelength stability control, such as fiber
Bragg gratings, can be implemented for further laser spectra sta-
bilization. However, such a laser optimization is well-known and
outside the immediate scope of this work. To give further context
regarding the 9.4% slope efficiency obtained in this work, Kimura
et al . used a similar laser configuration and core composition [36]
and achieved a 6.3% slope efficiency for a 7 m long Er-doped fiber,
fabricated using MCVD with solution doping. It was pumped at
λ= 1.48 µm, a wavelength where the EDFL typically gives a 1.5
higher slope efficiency compared to pumping at λp = 976 nm
[13], which also highlights the quality of the fiber fabricated using
our method.

6. CONCLUSION

In summary, by implementing laser-based additive manufacturing,
we fabricated a single-mode Er/Al co-doped gain fiber and evalu-
ated it as a fiber laser at 1530 nm. A solid silica glass rod was printed
via LPD (i.e., a dry nano-powder mixture was laser sintered), and
then the rod was used as a core in fiber preform, which was drawn
into the fiber.

https://doi.org/10.6084/m9.figshare.22651132
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The printed rods, as well as the resultant gain fiber, showed low
composition variations e.g., between the different sections of the
rod, the aluminum variation was smaller than 0.3 wt. %. Both the
printed glass and the resultant fiber showed distinct absorption
peaks, while the peaks at 980 nm and 1530 nm are indicative
of strong unquenched Er3+-ion doping. Outside of the Er3+

absorption bands, namely at 1342 nm, a low loss of� 1 dB/m was
measured.

Lasing was evaluated using a 35 cm long section of the fiber in
a simple design, where the cavity was formed by the cleaved ends
of the fiber. Even with this small feedback (R≈ 3.5%), lasing was
achieved with a low threshold of 47 mW and a high slope efficiency
of 9.4%. The relatively long upper-state lifetime of 8.4 ms, further
highlights the high quality of the material achieved via LPD.

In short, the gain fiber produced in this study, via AM exhibited
complete and intended functionality because of: (i) the single-
mode operation, (ii) a low-loss outside of Er3+ absorption bands,
(iii) high, unclustered doping levels, and (iv) an efficient lasing
performance.

This work shows that powder-based glass AM can be a fea-
sible alternative to other, complex methods to make highly
doped gain fibers. The achievements highlighted here show-
case laser-based manufacturing technologies that could be used
for high-performance photonics devices. Although it was demon-
strated here for Er3+-doped gain fiber fabrication, this fabrication
approach can be readily extended to other rare-earth oxides. Future
work will include more complex compositions and work toward
rapid material tailoring.
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