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Abstract: Ytterbium (Yb) doped silica fibers are widely used in high power fiber lasers where
co-doping the silica core material with other elements is pivotal for high efficiency, low detrimental
effects, and reliable optical properties. Aluminum (Al) is one of the most preferred co-dopants, yet,
purely Yb/Al-doped silica fibers suffer from relatively high levels of photodarkening (PD) when
used in laser applications. A slightly improved PD-resistance has been reported for increasing
Al-doping concentration. However, the source of this improved performance is still unknown. In
this article, we present the origin of the improved PD-resistance observed in Yb-doped silica
fibers with high Al-concentration. It is found that a high Al-co-doping concentration reduces
the interaction strength between the Yb-ion and nearby oxygen ions, resulting in a significant
PD-resistance with negligible induced loss in the entire visible spectral range. A negligible PD is
observed even for significantly higher Yb-concentrations than commonly used in commercially
available Yb-doped silica fibers.

© 2020 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

Optical fiber lasers have experienced a surge in power-scaling capabilities in recent years [1–3],
most notably with those based on Yb-doped glasses. Maximum output power capabilities in these
systems currently exceed multiple-kW levels for continuous wave operation [4] and approach
MW peak power during pulsed operation [5]. These incredibly high power levels are made
possible through continually expanding the boundaries for the gain material and fiber design [6]
and increasing the threshold for detrimental optical non-linearities, such as stimulated Brillouin
scattering (SBS), [7] stimulated Raman scattering (SRS) [8], transverse mode instabilities (TMI)
[9], and photodarkening (PD) [10]. While both SBS and SRS strongly depend on the effective
mode area and fiber length, all of these detrimental effects can also be minimized by careful design
of the core material. The material aspects of PD have been given considerable attention during
the last two decades where several research groups have contributed to an increased knowledge
related to the dynamics of the PD-process [10–22]. PD in Yb-doped fiber lasers is observed as a
degradation in output laser power over time, limiting the operational lifetime [10]. The formation
of color centers with influential absorption bands in the visible spectral range causes the power
degradation due to an induced core-loss that extends to the pump- and lasing wavelengths near 1
µm. Some of the most successful mitigation techniques so far include co-doping the core glass
with phosphorous (P) [17,18], a combination of aluminum and phosphorous (Al/P) [19], cerium
(Ce) [20], or by post-processing methods such as hydrogen- or deuterium loading [21,22].
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Of these approaches, co-doping with Al is of particular interest as the doping process is
mature, offering high-yield silica preforms with accurate and controllable refractive index profiles.
Important for laser applications, the resulting fibers possess excellent mechanical- and thermal
properties. Furthermore, fibers co-doped with Al are also known for their low background loss
and, more importantly, allow for the fabrication of Yb-doped silica fibers with relatively high
absorption- and emission cross-sections, enabling the use of reasonable active fiber length [23].
Although many advantages of using Al-codoping in Yb-doped silica fibers exist, they suffer
from high PD-levels unless they are simultaneously co-doped with P and/or Ce. Interestingly,
it has been reported that the PD-level in purely Yb/Al-doped silica fibers decreases (while
still far from adequately) when increasing the Al concentration [24,25]. Jetschke, et al. [24],
compared Yb/Al-doped silica fibers with different Yb and Al concentrations and observed a
correlation between the PD-level and the absolute Al-concentration rather than the Al/Yb ratio.
Their investigation covered concentrations up to 6.5 mol% Al2O3 and up to 1.7 mol% Yb2O3,
which, in the case of Al-codoping, is close to the upper limit tenable using Modified Chemical
Vapor Deposition (MCVD) [26]. However, the true origin of the observed correlation between
increased Al concentration and improved PD resistivity is still unknown. Al-codoping increases
the solubility of rare-earth (RE) ions in silica glass and helps to reduce clustering [27]. Hence,
a common hypothesis (although still not proven) is that the clustering of Yb-ions has a major
influence on the PD dynamics considering the observed correlation between PD and excitation
density (CYb* inversion) [11].

To determine the true origin of the reduced PD when increasing Al-codoping, we have
investigated Yb-doped YAG-derived (Yb:YAG-d) all-glass silica fibers drawn using the molten
core method (MCM) [28–31]. The MCM offers the opportunity to manufacture highly-doped
silica-based optical fibers with core compositions challenging to fabricate using more common
preform manufacturing methods, e.g., MCVD. One unique feature of MCM-derived fibers is the
inherent incorporation of SiO2 into the core due to a diffusion-controlled dissolution process
from the silica cladding during fiber drawing [32]. The incorporation of silica in the molten
YAG core results in the formation of a glassy yttrium aluminosilicate core, but with a higher
Al2O3 concentration than silica fibers made using MCVD. High co-doping levels of Al in silica
fibers have also gained attention as intrinsically low optical non-linearity gain media for fiber
lasers and amplifiers. In particular, the sesquioxide components (Y2O3, Al2O3, and Yb2O3) are
known to increase the thresholds for SBS and SRS [7,8]. However, high co-doping levels do
often yield an undesirable increase in the refractive index and core numerical aperture (NA),
making single-mode operation challenging. A more in-depth spectroscopic investigation on this
unique core composition is still highly relevant. It offers valuable insights on the interplay of
the atomic processes accountable for the induced optical losses, most notably PD in high power
silica fiber lasers, that could push the technology forward for advanced fiber laser gain materials.

This article presents an investigation on Yb:YAG-d optical fibers with high Al2O3 concentration
exhibiting a significantly increased PD resistance compared to MCVD-made Yb/Al-doped silica
fibers. This increased PD resistance is found to originate from the lower probability for interactions
between the Yb3+-ions and the host lattice, as determined by a blue-shifted charge-transfer (CT)
absorption band in the ultraviolet (UV) spectral range, similar to that observed in Yb-doped silica
fibers co-doped with phosphorous (P) [18]. However, in contrast to Yb/P-doped silica fibers, the
absorption cross-section for the 4f-4f transitions near 1 µm has similar intensity to Yb/Al-doped
silica fibers. Hence, Yb-doped silica fibers with high Al-concentration appear to be an attractive
choice as laser gain material, provided one can limit the undesirable increase in refractive index
in order to support single-mode operation.
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2. Experimental

Four different Yb-doped yttrium aluminosilicate glass core optical fibers were drawn using the
MCM, utilizing Yb:YAG crystals as the precursor material [33]. Two of the fibers were formed
by inserting Yb:YAG rods (Roditi International, London, UK) into a 3 mm inner by 30 mm
outer diameter telecommunications-grade silica capillary preform (Heraeus-Tenevo, Buford, GA,
USA) that served as the cladding glass. Two additional fibers were drawn using Yb:YAG rods
(1 mm outer diameter), sleeved inside a pure sapphire (Al2O3) tube (1.1 mm inner by 1.5 mm
outer diameter, Saint-Gobain, France), inserted into respective 3 mm inner by 30 mm outer
diameter preforms. This concentric YAG/sapphire precursor assembly was then sleeved inside
the pure silica cladding tube. The main purpose of the sapphire sleeve is to further increase the
concentration of Al2O3 in the resultant core composition [34,35]. All preforms were heated to
approximately 2000°C, above the melting point of the core YAG phase and where the cladding
glass is sufficiently softened to draw into fiber. Given the high quenching rates (on order of 2000
K/s) and dissolution of SiO2 from the cladding into the core melt during the draw, the Yb-doped
yttrium aluminosilicate molten core is quenched into a glassy state upon cooling of the fiber as it
exits the draw furnace. In addition, a Yb/Al-doped reference fiber was manufactured by using
standard MCVD preform manufacturing techniques as described elsewhere [18]. All fibers were
drawn to a 125 µm outer diameter and a conventional (higher-index) acrylate coating was applied
during the draw yielding a total outer diameter of approximately 250 µm.

The core composition of the fibers was determined using a Tescan MAYA3 Scanning Electron
Microscope (SEM) equipped with an Oxford instruments X-MAX 50 Energy Dispersive X-ray
Spectroscopy (EDS). UV/visible transmission measurements on the fiber samples were conducted
using a combined deuterium and halogen light source coupled to an Ocean Optics 2000+
(200–1000 nm) or Ocean Optics MAYA (170–330 nm) spectrometer. Short fiber samples with
different lengths were spliced in-between two solarization-resistant fibers, where each fiber
sample was measured several times to ensure high accuracy. More specifically, the sample
length was decreased for measurements in wavelength regions with stronger absorption. The
resulting spectra were merged, thereby enabling a wide dynamic range spanning the UV to
visible. Measurements in the NIR spectral range were made using a similar procedure but with
an ANDO AQ-6315E optical spectrum analyzer. PD experiments were performed by using a
wavelength division multiplexer (WDM) (Thorlabs WD202E-1) where short fiber samples (10–30
mm) were spliced to the WDM and core pumped using a 450 mW, 976 nm pump laser (Oclaro
LC95A76ULR-20RC2). All fiber samples were pumped close to the pump saturation level,
reaching 45–50% level of inversion across the entire sample length, as verified by simulations
using the RP Fiber Power simulation software [36]. The transmission loss over time was measured
(with the pump diode off) in the range 450–800 nm using the Ocean Optics 2000+ spectrometer
and a fiber-coupled white light source (halogen lamp).

3. Results

3.1. Intrinsic properties of Yb:YAG derived fibers

Due to the inherent dissolution process of silica into the YAG core during the fiber drawing,
the amount of silica in the core and the core diameter highly depends on the fiber drawing time
(for a set temperature as performed here). In general, the concentration of silica increases, and
the core diameter decreases as the fiber drawing progresses; see details in Cavillon, et al. [32].
Figure 1 shows a typical compositional profile for a Yb:YAG-d fiber (Fiber 2; see Table 1) and
a Yb:YAG-d fiber with the additional sapphire sleeve (Fiber 3; see Table 1). The use of an
additional sapphire sleeve resulted in an increased Al-concentration and reduced effective Y- and
Yb-concentrations due to the dilution by Al2O3 in the core.
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Fig. 1. Typical compositional profiles for the Yb:YAG-d fibers. Fiber 2 (solid lines) and
Fiber 3 with an additional sapphire sleeve (dashed lines). A relative increase in Al and
decrease in Y are observed for the sapphire sleeved Yb:YAG-d Fiber 3.

Table 1. Measured physical parameters of the Yb:YAG-d fibers (all conc. in mole % oxide)

Fiber 1 2 3 4 Ref (MCVD)

Yb conc. in YAG rod 3.0 5.6 3.0 5.6 –

Sapphire sleeve – – Yes Yes –

Avg. Si conc. (SiO2) 71.9 79.1 78.7 86.9 97.4

Avg. Al conc. (Al2O3) 16.5 12.3 17.6 11.1 2.0

Avg. Y conc. (Y2O3) 11.0 7.8 3.5 1.8 –

Avg. Yb conc. (Yb2O3) 0.60 0.87 0.12 0.25 0.55

Core diameter (2a) (µm) 25.0 10.2 11.0 4.3 20

Al/Yb ratio 27 14 146 44 3.7

Al/Y ratio 1.5 1.6 5.0 6.2 –

Table 1 provides a summary of the physical properties for the four investigated Yb:YAG-d
fibers. The radial profile of the core differs between the fibers due to the dissolution of silica.
Therefore, the core diameter of each fiber is defined as the distance between the points of
maximum slope (differential) for the compositional profile of silica. This core diameter is
also used for determining the average elemental concentration. The additional MCVD-made
Yb/Al-doped silica fiber is included and was used for comparison in this investigation.

Figure 2 shows the absorption spectra for Fibers 1 and 4 in both the ultraviolet (UV) and
near-infrared (NIR) spectral range (inset). Several interesting observations are unveiled compared
to the Yb/Al-doped MCVD-made reference fiber. The NIR spectra show strong similarities,
both in shape and cross-section, exposing a similar local, disordered symmetry around the
Yb-ions. Concomittantly, some rather unique features are observed in the UV spectral range.
In regards to Yb-doped materials, spectroscopy in the UV spectral range is strongly associated
with local interactions between the Yb-ion and the host lattice, as well as inter-configurational
4f 14 – 4f 135d1 transitions of divalent Yb-ions (Yb2+) [37]. A first observation is the absorption
band appearing around 330 nm in Fibers 1 and 4, which is not present in the MCVD-made fiber.
Although not shown in the Figure, this 330 nm absorption is observed for all Yb:YAG-d fibers
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listed in Table 1 and indicates the presence of Yb2+-ions in all as-drawn Yb:YAG-d fibers [37]. A
second observation is the different spectral shape at shorter wavelengths for the sapphire sleeved
fiber (Fiber 4) as compared to the non-sleeved counterpart (Fiber 1), indicating that a higher
Al/Yb ratio influences the local environment around the Yb-ions. A third observation is the
comparable absolute value of the absorption band at 330 nm, although Fiber 1 has nearly 2.4
times higher Yb-concentration. The fraction of Yb2+-ions is much higher in the sapphire-sleeved
Fiber 4, which is likely related to the higher Al-concentration.

Fig. 2. Ultraviolet (UV) absorption spectrum of Yb:YAG-d Fiber 1 (blue solid curve) and
sapphire sleeved Fiber 4 (black solid curve) in comparison with charge-transfer (CT)-band
of the Yb/Al-doped MCVD made fiber (red solid curve). The CT-band in a Yb:YAG crystal
is also shown for comparison (yellow dashed curve). The band appearing near 330 nm
for Fibers 1 and 4 is due to inter-configurational transitions of Yb2+. Comparison of the
absorption cross-section for Yb:YAG-d Fiber 4 and the Yb/Al-doped reference fiber (inset).

The origin of Yb2+ ions in the YAG-d fibers is believed to originate from the MCM fiber
drawing process as no Yb2+ could be observed in the Yb:YAG precursor crystal. The hypothesis
is that the formation of divalent Yb is due to the release of oxygen in the high-temperature
melt (2000°C) of mixed YAG material with dissolved silica. Still, the observation of Yb2+ is
important, especially considering it can have profound implications for YAG-d fibers developed
for use in laser applications. Yb-doped silica glass with Yb2+ ions are known to reduce the
efficiency of Yb-doped high power fiber lasers [38]. Our findings here imply it can be challenging
to manufacture Yb:YAG-d fibers using the MCM without forming some fraction of Yb2+-ions.
The valence stability of the Yb3+-ion also plays an essential role in the induced optical losses
(photodarkening) in Yb-doped fiber lasers [39]. In general, light absorbing color centers are
formed in the Yb-doped material via a pair-creation process upon excitation to the charge transfer
(CT) absorption band in the UV spectral range [40]. More specific, the spectral position of the
CT-band can be seen as an indication of the interaction strength between the Yb3+-ion and the
host lattice, i.e., the energy required to transfer an electron from a nearby oxygen to the Yb3+-ion.
However, the true spectral position of the CT-band is difficult to determine in the case of the
Yb:YAG-d fibers as it is obscured by the superimposed Yb2+ related absorption bands.

By comparing the absolute values for the absorption band at 330 nm, the relative fraction
of Yb2+-ions appear to be higher in the sapphire sleeved Fiber 4, considering the difference in
Yb-concentration. Using the absorption cross-section value for the 330 nm band as estimated
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by Kirchhof, et al. [41], the calculated fraction of Yb2+ ions in Fibers 1 and 4 are 3.3% and
6.6% respectively. The calculated fraction of Yb2+ is found to be even higher in sapphire sleeved
fiber with a lower Yb-concentration, Fiber 3, nearly 13% Yb2+. Fiber 3 also has the highest
Al/Yb ratio as well as the highest Al-concentration of the four YAG-d fibers. It appears the total
Al-concentration has a large influence on the valence state of the Yb-ion as also recently observed
by others [42].

3.2. Oxidation of the YAG-d fibers by thermal treatment in air

To better investigate the true spectral position of the CT-band, short, 8–10 cm sections of the
YAG-d fibers were oxidized by thermal treatment in air at 800°C for up to 12 hours using a
tube furnace. The UV spectra resulting from this oxidizing experiment are shown in Fig. 3
for Fibers 1 and 4. It is clearly seen that the characteristic absorption band of Yb2+ at 330 nm
as well as the shoulder at 230 nm vanishes, suggesting all Yb-ions are now in their trivalent
state. Interestingly, and somewhat surprisingly, no clear CT-band structure is present as normally
observed in Yb/Al MCVD-made fibers (compare with Yb/Al reference fiber in Fig. 2). Only
the onset of the CT-band is unveiled, which has a clear blue-shift compared to the Yb/Al-doped
reference fiber. Another observation is the nearly 6 times lower intensity of the CT-band for the
sapphire-sleeved Fiber 4, which is significantly lower than expected considering the difference
in Yb-concentration is only ∼2.4 times. The origin for this discrepancy is likely related to the
difference in Al/Yb ratio.

Fig. 3. UV absorption spectra of Fiber 1 (blue) and Fiber 4 (black) before (solid) and after
(dashed) oxidation by thermal treatment at 800°C for 12 hours.

There is a clear difference in the spectral shape at shorter wavelengths between Fiber 1 and
Fiber 4. The superimposed absorption bands related to Yb2+-ions in the 200–260 nm range
has more structure and higher intensity for the sapphire sleeved Fiber 4 compared to Fiber
1, which has only a minor shoulder near 230 nm. Likely this difference is due to the higher
yttria concentration in Fiber 1 and/or difference in Al/Y ratio (∼1.5 vs. ∼6.2). A higher yttria
concentration could influence the onset of the bandgap in the YAG-d fibers as Y2O3, which is
more covalent, has a smaller bandgap than Al2O3 [43]
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3.3. Photodarkening characteristics

The fibers in Table 1 were continuously core pumped at 976 nm to evaluate the induced losses
over time until saturation. The Yb:YAG-d fibers (Fibers 1–4) exhibited large spectroscopic
differences compared to the MCVD-made reference fiber. Figure 4 depicts the saturated induced
loss for Fiber 1 and Fiber 4 along with the Yb/Al doped reference fiber in the range 460–800 nm.
A surprisingly low, almost negligible loss is observed for the Yb:YAG-d fibers for wavelengths
longer than 600 nm. For shorter wavelengths only the onset of an induced absorption band is
seen for Fiber 1. The exact origin of this absorption band is difficult to determine due to a lower
dynamic sensitivity at these wavelengths, but believed to be related to the formation of additional
Yb2+-ions during the PD process. A significantly reduced loss at shorter wavelengths is observed
for the sapphire sleeved Fiber 4. Considering the above hypothesis, the fraction of Yb2+-ions is
higher in the sapphire sleeved fibers (see Section 3.1) and therefore closer to the finite fraction of
Yb2+-ions that can form in silica fibers, which could explain the lower loss at shorter wavelengths
observed in Fiber 4.

Fig. 4. Saturated induced core loss for the as-drawn Fiber 1 and Fiber 4 (solid blue- and
black curves), the thermally treated, oxidized, Fiber 1 and Fiber 4 (dashed blue- and black
curve). The saturated loss for the MVCD-made Yb/Al silica reference fiber (red solid line,
right y-axis scale).

Considering that the as-drawn Yb:YAG-d fibers reported in this manuscript comprise a
relatively large fraction of Yb2+ ions, one would expect that the observed PD resistivity and
the presence of Yb2+ are related [44]. Jetschke, et al. reported a substantial improvement of
PD resistance in Yb-doped silica fibers prepared under reducing conditions [44]. However, the
PD characteristics of the oxidized (thermally treated) Yb:YAG-d fibers (Fiber 1 and Fiber 4),
possessing only trivalent Yb-ions, show an even further improved PD resistance; see blue- and
black dashed curves in Fig. 4. In fact, the saturated induced loss is negligible in the entire visible
spectral range. This negligible loss for the oxidized fibers is a remarkable finding, suggesting
more complex dynamics in the PD process.

Figure 5 shows the induced loss measured at 600 nm as a function of time for Fiber 1, Fiber
4 and the Yb/Al-doped reference fiber. Fiber 2 (not shown) demonstrates very similar PD
characteristics as Fiber 1, even though Fiber 2 has a higher Yb-concentration. All Yb:YAG-d
fibers exhibit negligible loss over time measured at 600 nm, whereas the induced loss for the
Yb/Al-doped reference fiber exceeded 400 dB/m before saturation. Although not directly seen
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in Fig. 5, the induced loss at shorter wavelengths for the as-drawn Fiber 1 and Fiber 4 occur
immediately upon core pumping at 976 nm with a rapid saturation, which suggests a termination
of the PD process.

Fig. 5. Induced loss measured at 600 nm as a function of time for the as-drawn Fiber 1
and Fiber 4 (blue- and black solid- curves), the thermally treated, oxidized, Fiber 1 (blue
dashed curve) (left y-axis scale). The induced loss over time for the MVCD-made Yb/Al
silica reference fiber (red solid line, right y-axis scale).

4. Discussion

A significant PD resistance is observed for all as-drawn Yb:YAG-d fibers at wavelengths longer
than 600 nm; more interestingly, the thermally treated (oxidized) Yb:YAG-d fibers demonstrated
a negligible induced loss in the entire visible spectral range. The thermal history of the molten
core-derived fibers has been shown to be equivalent to conventional fibers, i.e., those drawn
from MCVD-fabricated preforms [45]. This is expected since both types of fibers experience
equivalent fiber draw conditions. Accordingly, the observed PD properties of the fibers treated
herein are considered to result from their novel compositions and not the fabrication process. It
becomes surprising that this negligible induced loss is obtained for silica fibers with relatively
high Yb-concentration up to 0.87 mol% Yb2O3. This is typically 4 times higher than normally
used in commercially available Yb-doped silica fibers and approaching concentration levels
demonstrated in Yb-doped phosphate fibers [46,47]. We attribute these remarkable findings
to the blue-shifted CT-band resulting from the high alumina concentration that significantly
decreases the interactions between the Yb3+-ions and host lattice. A correlation between the
spectral position of the CT-band and the level of induced losses has been recognized earlier in,
e.g., Yb-doped phosphosilicate fibers [18]. The high PD resistivity observed for the oxidized
Yb:YAG-d fibers is therefore expected (to some degree). However, the small induced loss at
shorter wavelengths for the as-drawn Yb:YAG-d fibers, which appears to result from additionally
formed Yb2+-ions, is still surprising. The true dynamics for this process as well as the energy
transfer route to the CT-state with NIR-photons are under further investigations.

Determining the origin of the blue-shifted CT-band in the Yb:YAG-d fibers (compared to
MCVD-made Yb/Al-doped silica fibers) is still pivotal for the interpretation of the observed results
and deserves further discussion. The CT-band in Yb-doped silica glass is a complex superposition
of CT sub-bands introduced by different local glass environments, ion covalency, coordination
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symmetry and coordination number [18,48,49]. Based on the Author’s experience, covalency is
the single most important parameter influencing the spectral position and intensity of the CT-band,
which in turn depends on the choice and concentration of co-dopants. Interestingly, the results
presented here differ from those recently presented by Okazaki, et al., [48] of Yb/Al-doped silica
glass with different Al-concentrations. They determined the spectral position of the CT sub-band
associated with Yb-O-Al linkages at an energy of ∼5.05 eV (∼245 nm) and could also correlate
an intensity increase of this band with increasing Al-concentration. A simultaneous decrease in
the CT sub-band associated with Yb-O-Si linkages at ∼5.62 eV (∼221 nm) was also observed for
increasing Al/Yb ratio. Unger, et al. [42] recently presented an extensive investigation of the
optical properties in Yb/Al-doped silica glasses. In contrast to Okazaki, et al., a different spectral
shape of the CT-band was observed, indicating the intensity of the Yb-O-Al related CT sub-band
decreased rather than increased for constant Yb-concentration and increasing Al/Yb ratio. Most
likely, the difference is explained by the higher Yb-concentration used by Unger, et al., ∼ 0.4
mol%, while the investigation by Okazaki, et al. did not include samples with Yb-concentrations
exceeding 0.18 mol%. Apparently, the Yb-concentration also has a considerable influence on the
spectral position of the CT-band and highlights the complex nature of CT-transitions in Yb-doped
glass materials.

With increasing Al-concentration it is reasonable to assume that the amount of Yb-O-Al linkages
will increase while the amount of Yb-O-Si linkages should decrease. The electronegativity of the
cation in the second coordination shell has earlier been shown to influence the spectral position
of the CT-band due to the high polarizability of the oxygen ion [18]. An increased amount of Al
in the second coordination shell around Yb should therefore red-shift, rather than blue-shift the
spectral position of the CT-band (increased Al/Si ratio). However, the electronegativity of the
cation in the second coordination shell is not the only factor determining the degree of covalency
between Yb and O. Also the Yb – O bond length and coordination number can have a significant
influence on covalency. Okazaki, et al., [48] reported a nearly constant Yb – O distance for
increasing Al/Yb ratio and a general trend of an increasing mean-bond distance for increasing
coordination number when comparing different Yb/Al-doped crystalline materials. The Yb:YAG
crystal has an 8-fold coordination and a longer Yb – O mean-bond distance than those found in
Yb/Al-doped silica glass, which likely explain the reduced covalency and observed blue-shifted
CT-band (see yellow dashed curve in Fig. 2). Based on the above arguments, we attribute the
reduced covalency between Yb and O a consequence of an increased coordination number of
oxygen around the Yb3+-ions also in the Yb:YAG-d fibers indicated by the blue-shifted CT-band.
It is not unlikely that the high Al concentration in the YAG/silica glass mixture promotes a
local chemical environment around the Yb-ions with a resemblance of the 8-fold coordinated
YAG-crystalline structure.

Considering there is a rather large difference in the local chemical environment around the
different Yb-ions in the YAG-d fibers, as evidenced by the shifted CT-band, it is noteworthy to
mention that there is just a minor spectroscopic difference observed in the NIR spectral range
(inset of Fig. 2). There is a striking similarity in spectral shape and absorption cross-section
with the MCVD made Yb/Al-doped silica fiber, which has a significantly lower Al-concentration
and Al/Yb ratio. This fact suggests that the first coordination shell (oxygen) has a slightly lower
influence on the spectroscopic properties of the 2F7/2 – 2F5/2 transitions in the 4f 13 manifold
compared to the more distant chemical environment around the Yb-ion. Further support is
given by comparing the spectroscopic properties observed for the Yb:YAG-d fibers with e.g.,
Yb/P-doped silica glass for an increasing P-concentration. Okazaki, et al. [49] performed an
extensive investigation on the local structure and optical properties of Yb/P-doped silica glass for
increasing P-concentration and observed considerable spectral changes for an increasing P/Yb
ratio. The observed spectral changes, i.e., shape and lower (∼0.5x) integrated cross-section, were
mainly attributed to an increased coordination number (from 6 to 8) and a higher symmetry
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(more ordered structure) around the Yb3+-ion. The higher symmetry was determined to originate
from the formation of microcrystalline phases of YbPO4, Yb(PO3)3, and YbP5O14-like structures
depending on the P/Yb ratio. In contrast to the results observed for Yb/P-doped silica, our
findings presented here suggests the chemical environment of the high Al/Yb-doped YAG-d
fibers remains disordered even for high Al-doping concentrations and high Al/Yb ratio, with
no sign of formed microcrystalline phases of Yb and Al. Hence, we propose that the chemical
environment around the Yb3+-ions has a low symmetry preserving the relatively high absorption-
and emission cross-sections of the 2F7/2 – 2F5/2 transitions.

Purely Yb/Al-doped silica fibers are perhaps the most attractive glass composition for use
in high power fiber lasers offering high absorption- and emission cross-sections, excellent
mechanical- and thermal properties and the use of a mature fabrication technology. The only
major issue with this composition is the relatively high PD-levels observed even for moderate
Yb-doping concentrations. Adding Ce to the core glass composition is a well known mitigation
technique [20], but usually requires the addition of yet another element like Fluorine or Boron
to reduce the refractive index and core numerical aperture. As presented in this article, using
high Al-co-doping concentrations can reduce PD to negligible levels, even for Yb-concentrations
significantly higher than currently used in commercial Yb-doped fibers. That said, using
Yb:YAG-d fibers manufactured by the MCM may be a feasible route to high power fiber lasers
with high PD resistance, although this fabrication technique is relatively young and several
challenges remain before a core glass with ideal optical properties can be manufactured. However,
there are other doping techniques compatible with MCVD that potentially could demonstrate
Yb/Al-doped silica fibers with high Al-content locally around the Yb-ions. This would provide a
Yb/Al-doped core glass with similar optical properties as presented here, but with a much lower
average Al-concentration, reducing the need for additional elements to lower the refractive index.
Using synthesized nanoparticles (NPs) is one such method with demonstrated success in spectral
engineering [50,51].

5. Conclusions

We have shown that Yb/Al-doped silica fibers with high Al-concentrations (in the case of this work,
> 11 mol%) exhibit negligible PD-levels even for significantly higher Yb-concentrations than
those typically used in commercial Yb-doped silica fibers. Yb:YAG-d fibers with significantly
higher Al2O3 concentrations than normally reached with MCVD were manufactured using the
MCM. The high PD-resistivity is correlated to a blue-shifted CT-band (relative to Yb/Al-doped
MCVD made fibers) that decrease the covalency (and interaction strength) between the Yb3+-ions
and oxygen ions in the first coordination shell. The blue-shifted CT-band is proposed to originate
from an increased coordination number of oxygen ions around the Yb3+-ion lowering the
covalency between Yb – O similar to that observed in the Yb:YAG single crystal. In addition, we
propose that the local environment around the Yb-ions in highly Al-codoped silica glass has a low
symmetry (more disordered) preserving relatively high absorption- and emission cross-sections.
This is opposite to that observed for, e.g., Yb/P-doped silica fibers with high P-concentration
levels exhibiting significantly lower cross-sections due to a higher symmetry (less disorder) of
the local environment. Our findings suggests that Yb/Al-doped silica fibers with a high, local,
Al-content around the Yb-ions, manufactured by using, e.g., NP-doping technology, could be a
very promising gain material for future high power fiber lasers.
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