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Abstract: A significant change in the refractive index profiles for the large mode area phosphoroalu-
minosilicate (PAS) core optical fibers was observed in comparison to that in preforms. This study
shows that the refractive index of the PAS core can vary from negative (in preform) to positive (in
fiber), and the difference in the refractive index between the core and preform can exceed a few
thousand. By measuring a large set of fibers with different concentrations of P2O5 and Al2O3, we
define the refractivity of each dopant (P2O5, Al2O3 and AlPO4 joint) after drawing fiber from the
preform and discuss the possible origin of the observed refractive index variation.

Keywords: large mode area fibers; refractive index; phosphorosilicate glass; aluminosilicate glass;
phosphoroaluminosilicate glass

1. Introduction

Phosphoroaluminosilicate (PAS) glass has unique properties, which make it most
promising for utilization in large-mode-area (LMA) optical fibers. First, there is the low
refractivity of PAS glass near the equimolar concentration of P2O5 and Al2O3 [1–3] caused
by the formation of the AlPO4 joint [3]. Second is the high solubility of rare earth ions [4,5],
despite the similarity of the PAS glass network and undoped silica glass. Third is its low
sensitivity to the photodarkening effect in the case of Yb-doped fibers [5–8]. These features
have made PAS glass the gold standard for the fabrication of large-mode-area fibers doped
with rare-earth elements [9–13].

Typically, the design of LMA fibers is a balance between bend sensitivity and operation
with diffraction-limited beam quality [14], which requires exact knowledge and precise
control of the refractive index of the fiber core. There are few works where the refractivity
of PAS glass relative to its compound is studied in detail [1,2,15,16]. However, the refractive
index profile (RIP) in these studies was measured in preforms of optical fibers and not
in the optical fibers drawn from them. Such an approach is widespread due to the large
core size in the preform, and it is possible to measure RIP and concentration distribution
with a high accuracy. Typically, for binary glasses (for example, SiO2-GeO2, SiO2-P2O5,
SiO2-Al2O3, SiO2-F and others), additional factors, such as stress frozen into glass due to a
difference in the thermal expansion coefficient, do not affect measurements noticeably as
the refractive index difference between the core and the cladding grow much faster due to
dopant refractivity than other factors.

However, the measurements of RIP in the fiber preformed for estimation RIP in optical
fiber become questionable for PAS glasses near the equimolar concentration of P2O5 and
Al2O3. Indeed, despite a high concentration of both dopants, the refractive index difference
between the core and the cladding could be nearly zero in such glasses. Thus, factors that
were previously considered negligible (i.e., internal core stress, drawing condition, etc.)
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might affect the refractive index considerably. Small index changes become critically
important in the case of LMA fibers because the target refractive index difference could
be as low as 0.0013 for standard step-index fibers [17] or even nearly zero (in the case of
photonics bandgap and photonics crystal fibers) [11].

The aim of our work was to study the refractivity of PAS glass directly in optical
fibers and reveal any difference compared to the measurements of preforms. In the current
communication, we show a significant discrepancy between the RIP in preforms and the
optical fibers drawn from it. Also, we define exact formulas that describe the influence of
the doping level of Al2O3 and P2O5 on the refractive index difference between the doped
core and undoped silica glass cladding.

2. Materials and Methods

To perform the current study, we fabricated a series of fiber preforms using the
conventional method of modified chemical vapor deposition (MCVD). All the dopants
were deposited from the gas phase. For this aim, we used the low-boiling liquids SiCl4,
GeCl4, POCl3 and C2F3Cl3 as a precursor. As a precursor for doping with Al2O3, we used
AlCl3 (99.999% purity on metals basis). On the contrary to other precursors, AlCl3 is a
low-volatile solid under ordinary conditions, and to achieve a high enough vapor pressure,
it is necessary to heat it up to 125–140 ◦C. Moreover, in normal conditions, AlCl3 can
react with POCl3 and form complex compounds. For this reason, the MCVD set-up was
equipped with a system for the evaporation of solid precursors and vapor delivery. AlCl3
powder was installed into the container and stabilized at a temperature of 130 ◦C. The
vapor of AlCl3, together with the carrier gas Ar, was delivered to the reaction zone through
the heated lines until it mixed with other components in the supporting tube. In all other
parameter methods, the fabrication of preforms was similar to the standard MCVD process.
The RIP in each preform was measured using a Photon Kinetics preform analyzer PK2600.
Each preform was measured at a few positions along its axis to confirm uniformity. At each
position, measurements were performed for three rotation angles around the preform axis
before it was averaged.

The fabricated preform was drawn into optical fibers with a core diameter of 20–30 µm
and outer diameter of 125 µm. A relatively large core diameter was chosen to exclude
the influence of dopant diffusion on the results of the measurements. Special attention
was paid to the optical fibers’ drawing condition. It is known that drawing tension could
noticeably affect the refractive index difference between the core and cladding [18]—the
refractive index of undoped silica cladding is reduced with the growth of drawing tension,
and the difference may reach 0.0014 when the drawing tension exceeds 300 g. Such an index
change is larger than the target core-cladding index difference in some types of optical
fibers (those where target core NA = 0.062 [17]) and could result in a significant variation
in fiber parameters along the length (due to the variation in drawing tension, which is
not always possible to precisely control during fiber drawing). To avoid this effect, all the
fibers in our study were drawn with a tension below 30 g. It presents the variation in the
refractive index of the undoped silica cladding as less than 0.00014, which is acceptable for
our study as it is on the level of measurement inaccuracy for our equipment.

The spatial distribution of chemical elements was determined in the fiber samples
with the help of energy-dispersive X-ray spectroscopy (EDXS) (AZtecENERGY analytical
systems; Oxford Instruments, Oxfordshire, UK; JSM5910-LV, JEOL, Tokyo, Japan). The
analyses were performed in the fiber samples via scanning along the core diameter of the
studied samples. To calibrate our setup, we used an etalon based on the AlPO4 single
crystal for the calibration of the signal corresponding to P and Al atoms. It allowed us to
achieve the highest accuracy of measurements due to the similarity of the etalon and the
studied glass compounds.

RIPs in the fabricated fibers were measured using the fiber analyzer EXFO NR9200HR.
In this case, two scans were made in the orthogonal axes, and then four half profiles
were averaged to achieve the distribution of the refractive index along the fiber radius.
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Both distributions (refractive index profile and compound) were measured with a high
resolution (better than 1 µm), which allowed us to compare the refractive index and glass
content along all radius positions (in some fibers, we used not one position, but two or
even three different radius positions). To reduce the measurement error caused by the
possible non-circularity of the fiber, we used those sections of the fiber cross-section along
the radius to collect data, where the refractive index and compound changed most slowly.

3. Results

Through a comparison of refractive index profiles measured in optical fibers, a no-
ticeable change in the refractive index of PAS fibers was revealed—the core refractive
index became higher compared to that in the optical preforms, and this difference could
reach 0.002 for highly P2O5- and Al2O3-doped fibers. The most noticeable change was
observed in optical fibers with a refractive index difference close to zero. The most re-
markable example—the change in the refractive index difference between the core and the
cladding from negative to positive—was observed in fiber PAS#1 (see Figure 1a), doped
with 4.6 mol.% of P2O5 and 4.2 mol.% of Al2O3. The observed behavior was completely
different from that in germanosilicate fibers, where almost no change in RIP between the
fiber and preform was observed. As an example, the RIP in the preform GeF, doped with 3
mol.% of GeO2 and 2.7 mol.% of F, is shown in Figure 1b together with the RIP measured
in fiber drawn from this preform.
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Figure 1. (a) Refractive index profile measured in the preform PAS#1 (dashed curve) and in the fiber
drawn from the same preform (solid curve); (b) refractive index profile measured in the preform GeF
(dashed curve) and in the fiber drawn from the same preform.

Even more importantly, in the preform with the distribution of non-uniform dopants
along the core radius, the change in the refractive index was also non-uniform. This feature
could change the final shape of the RIP critically. An example is presented in Figure 2,
where the RIPs and measured dopant distribution for fiber PAS#2 are shown. Despite
the quite similar distribution of P2O5 and Al2O3 along the radius, the RIP was extremely
sensitive to the variation in relative concentrations of these dopants. This feature is well
known for PAS glasses [1–3,15]. The effect is caused by the formation of the AlPO4 joint in
PAS glass—almost all Al and P atoms are structurally bonded in AlPO4. Only an excess
amount of these dopants stays in its ordinary form (P2O5 for PAS glass with an excess of
phosphorous and Al2O3 for PAS glass with an excess of aluminum). The crystals AlPO4
and SiO2 have almost identical parameters (alpha-quartz and berlinite). Therefore, quartz
and aluminophosphosilicate (with equal amounts of Al and P atoms) glasses have the same
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network structure, and, as a consequence, they also have a number of similar properties
(including the refractive index). Thus, it is this difference between the concentration of
Al and P atoms that defines the RIP. It should be noted that in this paper, we discuss the
formal concentration of dopants (P2O5 and Al2O3) in molar %, which is calculated without
taking into account the formation of the AlPO4 joint. This was conducted for reasons of
convenience, as the usage of these formal concentrations allows one to easily estimate the
concentration of the dopant in excess (by simple subtraction of smaller concentration from
the larger one), as well as the concentration of the AlPO4 joint by doubling the smallest
dopant concentration (due to reaction P2O5 + Al2O3 = 2 AlPO4).
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Figure 2. (a): Refractive index profile measured in the preform PAS#2 (dashed curve) and in the
fiber drawn from the same preform (solid curve); (b): the measured concentration of dopants in the
fiber PAS#2.

As can be seen in Figure 2, the molar concentration of P2O5 and Al2O3 is nearly
equal for the radii from 2 µm to 4.5 µm, which coincides with part of the cross-section
where the core refractive index in the preform has the minimum value (from −0.0018
to −0.0015 relative to undoped silica layer). This result is in good agreement with the
previously reported refractivity of the AlPO4 joint—as we could estimate its concentration
as ~20 mol.%—which corresponds to the refractive index difference with undoped silica
glass on the level of −0.002 [1,4].

More importantly, the refractive index of the above-mentioned area in the fiber cross-
section (radii from 2 µm to 4.5 µm) changes its refractive index by approximately 0.0015
and becomes equal to that of pure silica glass within the accuracy of the measurements.
For other regions of the core, the change in the refractive index of the core is much less
visible—for regions of the cross-section near radii 0 µm and 6.5 µm, the refractive index
changed by only 0.0005 (which is three times smaller compared to the region with an equal
atomic content of Al and P).

It is worth noting that preform PAS#2 has a large amount of F-doped cladding, and
its refractive index has not changed. This is clear confirmation that the observed effects of
refractive index change are related to the properties of PAS glass and not to the drawing
condition. Indeed, drawing with high tension results in a change in the refractive index
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of undoped silica cladding relative to the whole doped structure [18], and a change in the
refractive index of the doped central part and undoped silica cladding is typically constant
in this case (though the form of the doped part does not change). In Figure 2, it can be seen
that the refractive index difference between F-doped cladding and pure silica cladding is
nearly the same as the optical fiber and preform. This means that drawing tension does not
affect the refractive index profile in this case.

To quantitively analyze the behavior of the refractive index of PAS glass, we made the
following three sets of preforms: with an aluminosilicate core, a phosphorosilicate core and
preforms, the core of which was doped simultaneously with P and Al. The concentration
of Al and P varied in a wide range (from 2 mol.% up to 22 mol.% of Al2O3 and 15 mol.% of
P2O5). The first two sets of the preform were used to analyze the refractivity of P2O5 and
Al2O3 in optical fiber for the cases of binary glasses (phosphorosilicate and aluminosilicate).
The obtained results are presented in Figure 3, where the refractive index difference between
the doped silica glass and undoped silica glass (∆n) is shown as a function of the molar
concentration of the dopant. It can be seen that, in both cases, dependence is linear and can
be described using the following formulas:

∆n = 0.9 × 10−3·C(P2O5) (1)

∆n = 2.2 × 10−3·C(Al2O3) (2)

where C(P2O5) and C(Al2O3) are the concentration of P2O5 and Al2O3 in molar percentages;
Equation (1) corresponds to phosphorosilicate glass, and Equation (2) corresponds to the
aluminosilicate glass.
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Figure 3. Dependence of refractive index difference between core and undoped silica glass cladding
on dopant concentration for phosphorosilicate and aluminosilicate fibers.

The obtained dependences of optical fibers are in good agreement with those obtained
in optical preforms previously [19,20] and, in particular with our results, those reported
in [15], where the refractivity of P2O5 was found to be 0.88 × 10−3 (compared to 0.9 × 10−3

from Equation (1)) and the refractivity of Al2O3 was found to be 2.5 × 10−3 (compared to
2.2 × 10−3 from Equation (2)).

As was mentioned above, the refractive index of the PAS glass is defined mainly by
the difference in concentration of P2O5 and Al2O3. This difference exactly corresponds to
the concentration of the excess dopant, which is incorporated into silica glass in its ordinary
form (P2O5 or Al2O3). To obtain this concentration, we calculated the formal concentration
of P2O5 and Al2O3 (without taking into consideration the formation of the AlPO4 joint),
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then subtracted C(P2O5) from C(Al2O3), which provided us with the value of concentration
mismatch ∆C:

∆C = C(Al2O3)− C(P2O5) (3)

The positive result of such a subtraction (∆C > 0) corresponds to the case of Al-excess
and negative (∆C < 0) to the case of P-excess. The absolute value of ∆C corresponds to the
concentration of dopant in excess (P2O5 or Al2O3).

The results of the measurements of RIP and the compound in fibers simultaneously
doped with phosphorous and aluminum are presented in Figure 4, where the dependence
of ∆n (the difference between the refractive index of the PAS glass and undoped silica
glass) was plotted as a function of concentration mismatch (∆C) at the same point of the
fiber under study. The distribution of dopants in many fiber samples was not uniform
(similar to the fiber PAS#2 shown in Figure 2), which allowed us to use one to three
positions along the radius for data collection. As the concentration of the AlPO4 joint may
also affect the refractive index difference, we drew points corresponding to different net
concentrations of AlPO4 with different symbols and colors (we chose three concentration
ranges—see Figure 4).
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It can be seen that for fibers with a concentration of the AlPO4 joint below 21 mol.% the
main trend is quite clear. In the region of phosphorous excess, the refractive index grows
with the increase in the difference between the concentration of P2O5 and Al2O3. Similar
behavior was observed in the region of aluminum excess (but, in this case, the refractive
index growth was used with the increase in the difference between the concentration of
Al2O3 and P2O5) with linear approximation for regions where ∆C < 0 and for regions where
∆C > 0, as shown in the following equation:

∆n = (0.05 ± 0.3)× 10−3 + (1.04 ± 0.14)× 10−3 × |∆C|, for ∆C < 0 (4)

∆n = (0.35 ± 0.26)× 10−3 + (2.35 ± 0.07)× 10−3 × |∆C|, for ∆C > 0 (5)

where ∆C is given in mol.%.
In each equation, the first term shows the constant component related to AlPO4

refractivity, which is close to zero within the accuracy of the measurements (3 × 10−4). The
second term shows the refractivity of an excess amount of P2O5 (Equation (4)) and Al2O3



Photonics 2023, 10, 1383 7 of 10

(Equation (5)). For fibers with a concentration of AlPO4 > 27 mol.%, the dependence looks
similar (growing with an increase in ∆C and a similar slope), but all the points are shifted
down by ~0.003–0.004.

In general, it is quite natural to suggest that the refractivity of excess amounts of
P2O5 and Al2O3 remains the same independently of the concentration of AlPO4. Such a
suggestion allows us to reveal the refractivity of the AlPO4 joint by itself. For this aim, we
used the data from Figure 4 but calculated the refractivity of AlPO4 (∆nAlPO4) using the
following formula:

∆nAlPO4 = ∆n − 1.04 × 10−3 × |∆C|, for ∆C < 0 (6)

∆nAlPO4 = ∆n − 2.35 × 10−3 × |∆C|, for ∆C > 0 (7)

In Figure 5, the obtained data are shown as the dependence of the AlPO4 concentration.
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4. Discussion

Our study reveals that PAS fiber exhibits a significant (for LMA fibers) change in the
refractive index profile compared to that in preforms, which must be taken into account. An
analysis of sets of fibers with different levels of doping with aluminum and phosphorous
allowed us to reveal the dependence of the refractive index on the concentration of the
dopants. First, it should be noted that the main tendency observed earlier in preforms
remains valid; the strongest effect, which defines the refractive index of PAS glass, is the
formation of the AlPO4 joint. Thus, the resulting refractive index of the core depends on the
refractivity of the AlPO4 joint and the refractivity of the dopant being in excess (aluminum
or phosphorous); however, in the last case, only an excess concentration |∆C| impacted
the refractive index profile.

It is quite interesting that the current study reveals the refractivity of both Al2O3
and P2O5 remains the same (within measurements of error) for PAS glass and for binary
glasses (aluminosilicate and phosphorosilicate). Moreover, the obtained values of Al2O3
and P2O5 refractivity (Formulars (1), (2), (4) and (5)) are quite similar to that measured in
the preforms [15,19,20].

Thus, the main difference between the RIP in fibers and in preform is caused by the
different refractivity of the AlPO4 joint in the fiber and preforms. The measurement of
the preforms demonstrates that the refractive index reduces by 0.0001 for each 1 mol.% of
AlPO4 [1,15]. In the fibers drawn from the same preforms, the refractivity of the AlPO4
joint is nearly zero for the concentration of AlPO4 up to 21 mol.%. Thus, after drawing
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the fiber, the refractive index of the core increases by 0.0001 for each mol.% of the AlPO4
joint (the difference in the refractivity of the AlPO4 joint in fibers and in preforms). This
means that to predict the refractive index in the optical fiber, it is necessary to know the
approximate concentration of AlPO4 in the core. However, the situation becomes more
complex if the AlPO4 joint’s concentration changes along the radius. In this case, not only
would the average core refractive index increase, but also the RIP would change (as it is
shown in Figure 2). In this case, exact data on the core compound or direct measurements
of the fiber refractive index profile are required to predict the fiber’s optical properties.

The most probable reason for this effect is the stress that appears in the core of PAS fiber
due to the difference in the thermal diffusion coefficient with undoped silica cladding [1].
The thermal history in optical fiber is different from that in preform—during drawing,
optical fibers exhibit nearly instantaneous cooling due to their high drawing speed, thin
fiber diameter and localized heating zone. These cooling conditions are very different
from the case of optical preforms—its diameter is typically two orders in magnitude larger,
and the cooling rate due to this reason is two times smaller. As a result, stress generates
different index changes in the optical fibers and fiber preforms. One possible reason for
the refractive index increase might be the non-complete formation of the AlPO4 joint [16],
though previously, it was observed only for low dopant concentrations, so we suggest that
it is not the main factor responsible for the observed refractive index increase.

It is also interesting that for the AlPO4 joint’s concentration in an excess of 27 mol.%,
the behavior of the core refractive index changes completely. In this case, doping with the
AlPO4 joint reduces the refractive index of the core by 0.003–0.004 compared to undoped
silica glass. It is quite similar to the refractive index change observed early in bulk glass
and preforms [1,15]. It must be noted that such a concentration is quite close to the critical
one when the phase separation in SiO2-AlPO4 glass is suggested [15]. In some of these
samples, the scanned electronic microscope image in Z-contrast (BSE) gives clear evidence
of this process. An example is presented in Figure 6, where the strong non-uniformity of
the core was observed, indicating phase separation. We suggest that in this case, micro- or
nano-AlPO4-rich clusters and cristobalite appear, and a similar process was observed earlier
in highly Yb-doped PAS glasses [21], while the presence of cristobalite was confirmed via
the measurements of the X-ray pattern of the preform core. An observed devitrification
might change the behavior of the glass. In particular, stresses inside the core caused by
such phase separation might be a reason for the core refractive index reduction. Typically,
when such phase separation in the fiber core occurs, the optical losses increase to the levels
of units and even tens dB/m, making such fiber useless for practice.
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It is also very important that the observed refractive index change limits the minimum
core numerical aperture, which could be achieved. In particular, this becomes critical in
highly Yb-doped optical fibers, where the additional refractivity of the Yb2O3 can further
increase the core-cladding refractive index difference. A possible solution to this problem
could be the fabrication of the Ge-doped pedestal around the core, which reduces the
core/first cladding refractive index difference. Moreover, an increase in the radius of such
a pedestal and the removal of pure-silica glass (similar to [12]) could allow a strictly single
mode of LMA optical fibers to be created that is very high Yb-doped. At the same time,
knowledge of the core compound becomes very important in fibers with a pedestal. As
can be seen from Figure 2, after drawing, the fiber refractive index’s change behavior is
different for germanosilicate and PAS glass. Fiber RIP (mainly core/first cladding numerical
aperture) changes significantly compared to that in the preform.

In conclusion, for LMA PAS fibers, it becomes very important to know the concentra-
tion of dopants and their distribution along the core to predict RIP in the optical fiber. As
was demonstrated in our study, a significant change in RIP after drawing the preform of
the optical fibers can be observed. The most probable reason for refractive index change is
mechanical stress inside the core, which can be different in optical fibers and preforms due
to different cooling conditions.
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