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1 | INTRODUCTION

The scaling to higher power levels for laser fibers with an
excellent beam quality is limited by parasitic nonlinear ef-
fects, like stimulated Raman scattering (SRS) and stimulated
Brillouin scattering (SBS). The basic concept to maintain a
single-mode operation with an excellent beam quality is to
use a small fiber core with a low numerical aperture (NA;
low refractive index, respectively)."”! On the downside,
such approaches require higher dopant levels while main-
taining high uniformity in dopant distribution.” > This
poses a serious technological problem, whereby the spatial
homogeneity of the dopant concentration is limited as a
result of chemical clustering, phase separation and segre-
gation, dissolution reactions, and low diffusion rates. The
delicate interplay between matrix chemistry, dopant prop-
erties, and processing conditions imposes relatively narrow
windows on achievable active core specifications in terms of
dopant distribution, maximum dopant concentration, and
core diameter.”!

Established high-temperature preform fabrication
technologies such as modified chemical vapor deposition
(MCVD),*" reactive powder sintering technology
(Repusil),/"”! or conventional glass melting!'"! face lim-
itations in amount and composition of dopant in-
corporation in silica due to diffusion-controlled processes
and phase equilibria. The incorporation of multiple re-
fractive index changing dopants into the silica glass ma-
trix typically consists of several subsequent steps, each
imposing additional thermal history on the doped sam-
ples, and thus impacting the overall homogeneity of the
core material in sometimes counteracting ways.

Incorporating dopants during the formation of a silica
network in an all-liquid state while circumventing de-
position from the vapor phase on solid soot or in particle
suspension opens an alternative route. Here, the sol-gel
technology based on liquid silane solutions (combined
with virtually arbitrary additive precursors) allows for an
easy-to-handle process, yielding highly crosslinked and
homogeneous materials of complex chemistry. Never-
theless, post-process vitrification of such crosslinked ma-
terials is required, again calling for an auxiliary thermal
processing step that impacts the resulting glass preform.
Fibers drawn from such processed preforms still exhibit a
high OH content and residual carbon, limiting fiber
quality, for example, fiber attenuation properties.!'” !

To overcome current technological boundaries in
terms of rare-earth (RE) doping levels, RE dopant
homogeneity as well as active core diameter, a microwave
plasma-based approach in a vapor axial deposition (VAD)
configuration was developed for an all-liquid precursor
injection solution using liquid organic precursors for
deposition. The plasma-based method provides a

nonequilibrium thermodynamic approach paired with a
kinetic-controlled process in which diffusion limits are
overruled. Effects such as phase separations and crystal-
lization effects often encountered in thermal equilibrium
states at high RE doping levels can thus be suppressed.
The approach enables deposition of multiple dopants
within a single processing step.

2 | EXPERIMENTAL SETUP

2.1 | Plasma source
The application of plasma systems operated at atmo-
spheric pressure offers a variety of advantages such as a
high density of active species, resulting in higher reaction
rates and thus a significant increase of the deposition
rates and efficiencies, compared with low-pressure plas-
mas. Recent research studies have shown that plasma
technology working at atmospheric pressure is a valuable
tool for the treatment of specialty optical fibers.''®!”!
Furthermore, those systems are favored for industrial
applications due to their scalability, cost-effectiveness,
and swift system integration into inline processes.!'® ']
A microwave plasma source as an electrodeless system
was selected for circumventing incorporation of electrode
contaminations into the preform material, as encountered
with DC/AC plasma jets.””) Moreover, microwave plas-
mas come across highly increased intrinsic electron, ion,
and radical densities, that is, enhanced deposition effi-
ciencies as compared with other plasma sources, making it
superior for fiber preform fabrication.[****!

2.2 | Microwave plasma jet

The setup shown in Figure 1 consists of a microwave
source (Miigge GmbH), working at a frequency of
2.45 GHz with a maximum power level of 3 kW. For ad-
justing the coupling parameters, the maximum electric
field of the standing microwave can be shifted within a
rectangular waveguide R26, which is connected to per-
ipheral attachments (adjustable waveguide section, short-
ing plunger, rod tuner). Optimization of setup parameters
was carried out using the fundamental microwave TE;q
mode. A more detailed description of the system and its
optimization has been provided recently.l*>*!

2.3 | Precursor injection system

The deposition of doped SiO, using an all-liquid pre-
cursor injection solution requires a uniform droplet size
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FIGURE 1 Vapor axial deposition setup, including the microwave plasma jet and auxiliary components

of the injected solution within the plasma zone using an
appropriate gas flow. This will allow for a controlled
pyrolysis in a defined plasma zone, creating fully oxidized
nanoparticles for deposition.

The injection system consists of a two-component jet
setup, allowing for separate channels and thus adjust-
ment for liquid precursor and gas injection flow. This
renders the jet system less susceptible to clogging due to
active cooling of the precursor (preventing thermal de-
composition). However, the viscosity of the liquid can be
higher than in single-component jets due to the extra
amount of kinetic energy provided by the external gas
flow that causes an efficient nebulization.””!

2.4 | Precursor materials

To achieve a uniform distribution of all dopants within the
silica host on a microscopic scale, it is necessary to avoid
spraying of multiple liquids into the active zone susceptible
to core shell formation due to different condensation ki-
netics imposed by different melting points of dissolved
components.[27] Therefore, a one-pot process was elaborated
so as to provide for the required homogeneity of the pre-
cursor injection solution. The solution consisted of an or-
ganic silane for the silica matrix, dissolved dopant salts, acid
for pH adjustment to a pH value of 2, deionized water, and

ethanol: TEOS (tetraethoxysilane, Si(OC,Hs)s, 99.9%; Alfa
Aesar), AI(NO3);-9H,0 (98%; Alfa Aesar), Yb(NOs);-5H,0
(99.9%; Sigma-Aldrich), and HNO; (68%; Sigma-Aldrich),
respectively. The molar ratio for Al:Yb was set to 10:1, which
is known to prevent clustering of RE species in silica-based
materials.****! To adjust viscosity and surface tension of the
solution, ethanol (99.8%; Alfa Aesar) was added.

For initial setup configuration, to investigate optimal
deposition parameters, undoped octamethylcyclotetrasilox-
ane (OMCTS, CgH,,0,4Si4 99.99%; Heraeus) was used.

2.5 | Online optical emission
spectroscopy (OES)

To investigate the influence of various input parameters
on plasma emissions and thus deposition characteristics,
online measurement periphery was installed, comprising
OES and an imaging spectrograph (Roper Acton) com-
bined with an intensified CCD camera (PI-MAX4:1024i-
RB; Princeton Instruments). The emission from the
plasma zone is focused by a quartz lens placed behind an
iris 300 mm from the active plasma region and is coupled
with a UV-VIS fiber connected to the spectrograph.

The spectrograph consists of three different gratings with
50, 600, and 2400 lines/mm, respectively, providing a spectral
resolution of 0.03 nm and allowing to record molecular band
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structures. Furthermore, cut-off filters were inserted between
the coupling optics and the UV-VIS-fiber to suppress spectral
lines of higher orders, if necessary.

The measurements were performed at three different
positions, x, along the axis between plasma nozzle and
substrate at a distance of 5 mm. The plasma generation is
provided using 1 kW of applied microwave power cou-
pled with an oxygen flow with a rate of 10slm. An up-
scaling to 3-kW microwave power increased the emitted
intensities, but it did not affect the overall spectral dis-
tribution. The injection of precursor material always oc-
curred at an angle of 45°.

2.6 | Online infrared (IR) camera
measurements

For substrate temperature measurements during plasma
deposition, an IR camera (VarioCAM by InfraTec) with
an effective resolution of 640 X 480 pixels has been uti-
lized. The calibrated temperature range was set between
720 and 1770K by the manufacturer, but surface tem-
perature measurements above 2000 K were also allowed.

2.7 | Electron probe microanalysis
(EPMA) analysis

For quantitative elemental analyses, an electron probe
microanalyzer (JXA 8800L; JEOL) was applied using
wavelength-dispersive spectroscopy. To verify chemical
homogeneity of the samples, a line scan along a sample
cross-section using a step size of 50um was done.
Moreover, a backscattered electron (BSE) detector was
used to visualize material contrast.

2.8 | Raman spectroscopy

In addition to EPMA analysis, structural investigations
were conducted by Raman spectroscopy (Renishaw™) via
line scans (x50 objective, 514.5-nm Argon laser for ex-
citation, step size 15um) across the sample diameter of
2mm. The Raman signal was collected with a CCD
camera in the range of 120-1375/cm with an effective
spectral resolution of 2/cm.

2.9 | Brunauer-Emmett-Teller (BET)
surface area measurement

For determination of porosity and specific surface area of
the plasma-processed samples, BET measurements were

conducted using the analyzer Tristar 3000 (Micromeritics
GmbH, Germany).

3 | RESULTS AND DISCUSSION
Results of OES and IR camera measurements during the
deposition process are presented and discussed. The de-
position results of the plasma-processed samples are
evaluated in terms of homogeneity using EPMA and
Raman spectroscopy data.

3.1 | Results of OES

To validate and refine the plasma model as derived in
Baeva et al,""! and for fundamental understanding of
excitation and fragmentation processes occurring in the
plasma, online OES measurements during deposition
were carried out. The acquired OES spectra from
pure oxygen plasma mixed with argon from the
two-component jet allow retrieving optimum working
distance by extraction of decomposition length across the
active plasma zone as a function of plasma parameters. In
general, a low working distance creates higher surface
temperatures on the substrate, having a positive effect on
densification. However, this may also cause a deposit that
might be carbon-contaminated due to insufficient de-
composition time. However, an increase of the working
distances would lead to an improved decomposition of
the precursor, though, unfortunately, related to lower
substrate temperatures being susceptible to only partial
vitrification.

Next, the incorporation of undoped OMCTS into the
plasma plume is presented for varying precursor loads.
Previous experiments with TEOS have shown a similar
spectral composition, but with lower emission intensities
as compared with OMCTS-containing plasmas.””! For
adjustment of the optimal working distance and material
flow rate, OMCTS proved to be a suitable choice. In
Figure 2, exemplary spectra are shown for the case of
pure oxygen plasma (from the plasma nozzle) mixed with
varying OMCTS loads (from the two-component jet).

At a distance of x = 5mm (Figure 2a), the OES spectra
are dominated by the oxygen plasma itself. In the UV wa-
velength range, the Schumann-Runge system of molecular
oxygen dominates; however, the strongest emission at wa-
velengths below 200 nm cannot be detected by the current
OES setup.”*"**! With increasing precursor load, a decrease
in the intensity of the Schumann-Runge system is ob-
served, accompanied by an increase of the C, Swan system
of molecular carbon. This indicates the presence of less
excited molecular oxygen species, but more excited
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Optical emission spectra obtained for a microwave power of 1 kW from pure oxygen plasma with a flow rate of

10 slm at a distance (from the nozzle) of (a) x=5mm, (b) x=10 mm, and (c) 15 mm. OMCTS, octamethylcyclotetrasiloxane

decomposition products of the organic precursor. Increas-
ing the distance to x=10mm (Figure 2b) amplifies the
intensities of the C, Swan system, which is attributed to the
expanded zone where precursor and the oxygen plasma are
mixed together. Also observable are the OH emission bands
originating from diffusion of water from ambient air into
the plasma zone, and the Si emission from the increased
OMCTS decomposition, which is absent in Figure 2a. At an
even larger distance, that is, x =15 mm, atomic lines of Na
and Li are observed originating from trace contamination of
glass substrates in the range of ppb, as indicated by addi-
tional experiments. Most relevant for an efficient VAD
process is the prominent feature at wavelengths above
500 nm, caused by accelerated precursor decomposition,
where a huge continuum is formed, as shown in Figure 2c.
In this region and above x=15mm, optimal precursor
decomposition is indicated, which is a valid measure for
carbon-free, efficient deposition.

The spectral analysis unfolds as a suitable tool for
inline optimization of the deposition process by sup-
pressing the contamination while adjusting the optimal
working distance.

3.2 | Results of IR camera
measurements

According to online IR camera measurements, the max-
imum achieved substrate temperature during deposition was
at around 1100°C for a working distance of 50 mm. Previous
research has shown that for this setup configuration, work-
ing distances below and above 50 mm render unfavorable
due to geometric and fluid mechanic constraints (nozzle
geometry, strong cooling by two-component jet). In Figure 3,
substrate temperature as a function of working distance with
the corresponding normalized deposition rate is presented,
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which was investigated to obtain optimal deposition para-
meters. The normalized deposition rate is defined as the
deposition rate of the individual test in relation to the max-
imum achieved deposition rate of the test series. The de-
position rate was determined by evaluating the mass of the
preform rod before and after deposition for a defined de-
position time.

The maximum deposition rate is found at 50-mm
working distance, corresponding to the highest substrate
temperature. Working distances below 50 mm lead to
strong substrate cooling caused by increased spraying im-
pulse from the two-component jet. The spraying impulse
creates a temperature dip at the center of the substrate tip,
which can be seen in the related IR camera frame in
Figure 3 for a working distance of 40 mm. The expected
decrease in substrate temperature for increased working
distances leads to decreased deposition rates, which coin-
cides well with previous studies showing the strong corre-
lation between surface temperature and deposition rate.!*”!

3.3 | Results of plasma-deposited
samples

Plasma-deposited samples doped with Al,O; and Yb,0;
were prepared using TEOS as an Si precursor and are

80

analyzed in terms of homogeneity aspects with EPMA
and Raman spectroscopy. Comparable doping con-
centrations have been reported in a previous study.[ZS]

3.3.1 | Results of EPMA analysis

Plasma deposition of SiO, doped with Al,0; and Yb,0;
was carried out with a target concentration of 3-mol%
Al,03 and 0.3-mol% Yb,O. The samples were deposited
with an optimized parameter set, using 3 kW of con-
sumed microwave power for a deposition time of
30 min, a precursor flow rate of 2g/min, a working
distance of 50 mm, and an oxygen flow rate of 12 slm,
with a maximum surface temperature of 1100°C. Ex-
emplary results of the deposited material are shown in
Figure 4.

The deposited samples were not fully vitrified during
the process. Instead, a porous soot body deposition with a
measured specific surface area (BET method) of 56 m?/g,
a mass of 3.45g, and a sintering grade of around 30%
referred to pure dense silica with 2.2 g/cm® was achieved.
With the current setup, a maximum power level of 3 kW
is available, rendering it challenging to fully vitrify the
sample during the process, due to significant substrate
cooling caused by the incoming two-component jet flow.
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(a) as-deposited and (b) after vitrification
with plasma torch
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post-vitrification

as deposited

Direct vitrification during deposition can only be ob-
tained with substrate temperatures above 2000°C.[?7-3334

For EPMA and Raman spectroscopic analysis, the
samples were post-vitrified from the front surface in pure
oxygen plasma at 3-kW microwave power at atmospheric
pressure without injection. This step was necessary to flat-
ten the surface of the samples to ensure comparable mea-
suring conditions. Post-vitrification rendered an increased
bubble formation. To circumvent this unfavorable bubble
formation, an in-situ vitrification via upscaling to a more
powerful microwave plasma system (15 kW) is envisioned.

Nevertheless, depending on the state of densification
of the plasma-deposited material, several post-processing
steps can be applied to obtain transparent, bubble-free,
and fully densified preform material, including green
body formation processing, followed by thermal post-
processing via MCVD lathe or gas pressure sintering.
Consequently, this preform material can be integrated in
a preform ready for fiber drawing by the rod-in-tube or
stack-and-draw technique.

BSE images revealed no visual phase separations and
segregations on the micrometer scale, as shown in
Figure 5. The black spots were identified as bubbles,

MS009781

FIGURE 5 Backscattered electron image of polished and
vitrified plasma-processed sample

which formed during vitrification with the pure oxygen
plasma at atmospheric pressure.

An exemplary Al,O; and Yb,0; concentration radial
sample profile, as derived from EPMA line scan, is shown
in Figure 6a. For a better comparison, the scaling factor
in the diagrams remains the same for both dopants. To
quantitatively describe the dopant homogeneity of Al,O;
and Yb,0;, the data are transferred into a histogram, as
shown in Figure 6b, depicting the mean value (i) and the
standard deviation (o).

The line scan data across the sample diameter in-
dicate good homogeneity of the sample for both Al,O;
and Yb,0; as depicted in Figure 6a. The maximum
molar fluctuation, Amax, for Al,O5 is at 0.09 mol%, as
depicted. Figure 6b reveals a mean value p of 3.02 mol%
with a corresponding standard deviation o of 0.015 mol%.
For Yb,0;, the dopant homogeneity is around four times
better than that for Al,O; as shown in Figure 6a, with a
maximum molar fluctuation, Amax, of 0.019 mol%. The
standard deviation o with 0.004 mol% is around three
times lower than that for Al,03, as shown by the smaller
half-width depicted in the histogram curve in Figure 6b.

3.3.2 | Results of Raman spectroscopy
The obtained Raman scattering spectra from line scans
are collected and averaged to one spectrum with a cor-
responding maximum fluctuation for intensity and fre-
quency, as shown in Figure 7, indicated by the green bar.
Only minor fluctuations are observed, indicating ex-
cellent structural homogeneity, corresponding quite well
to EPMA measurement observations.

The band shape obtained is characteristic for
alumina-doped silica, confirming that a fully vitrified
network is formed."**! The low-frequency band at around
430/cm is related to rocking and symmetric bending
motions of bridging oxygen (BO) species.l**! The defect
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FIGURE 6 Radial Al,0; and Yb,O; distribution for an exemplary plasma-processed sample with the target concentration of
3mol% Al,O; and 0.3 mol% Yb,0s; (a) electron probe microanalysis line scan and (b) histogram for the dopant distribution

bands obtained at 490/cm (D;) and 600/cm (D,) are re-
lated to symmetric BO bending vibrations in 4- and 3-
membered rings, respectively.l*”**! The mid-frequency
band at about 800/cm results from the motion of Si atoms
in their tetrahedral oxygen cage.”” The high-frequency
bands between 1050 and 1250/cm are attributed to Si-O
stretching vibrations of tetrahedral SiO, groups.*”! De-
viations in the Al,O5 concentration will lead to a change
of the relative intensities for both D, and D, peaks, as
observed in the study of Ando et al.,!””! indicating a
change of the glass structure. The frequency band at
1050-1250/cm is also affected by Al,O; variations, sug-
gesting that an interconnected Si-O-Al network is
built.[*"!
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FIGURE 7 Raman scattering spectra of a plasma-deposited

sample with 3 mol% Al,O; and 0.3 mol% Yb,O3

3.4 | Comparison of radial dopant
homogeneity with the well-established
high-temperature preform fabrication
technology Repusil

For an appropriate comparison, a representative plasma-
processed sample is compared with an exemplary Repusil
sample with a stoichiometric ratio close to 10:1 for
Al,05:Yb,0:s.

In Figure 8a the EPMA line scan results for Repusil
and plasma-processed sample are presented, with the
corresponding histograms in Figure 8b showing the do-
pant distribution for Al,0; and Yb,O3. For an improved
comparison, the scaling factor in the diagrams remains the
same for both dopants. The plasma-processed sample and
the Repusil-processed sample are displayed again with a
target concentration of 3 mol% for Al,O3. The Yb,0; target
concentration for the Repusil-processed sample is 0.25 mol
%, and for the plasma-processed sample, it is 0.30 mol%.
Comparing the Al,O; line scan results of the Repusil
sample with the plasma-processed sample in Figure 8a,
the maximum molar fluctuation, Amax, is about four
times lower for the plasma-processed sample, indicating
superior homogeneity. Moreover, the Yb,O; profile of the
plasma-processed sample is around 2.5 times more
homogeneous than the Repusil-processed sample while
comparing the maximum molar fluctuations, Amax.

In Figure 8b the dopant distribution for Al,O3; and
Yb,0; derived from EPMA line scan is displayed for both
the Repusil- and plasma-processed sample. By comparing
the AL, O3 histogram curves, the plasma-processed sample
shows about 4.5 times better homogeneity with respect to
the specified standard deviation o, demonstrating a
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considerably smaller half-width (red curve). For Yb,0;
the dopant fluctuation of the plasma-processed sample is
around two times better than that for the Repusil-
processed sample, correlating the standard deviations o
for each process.

Significant dopant homogeneity is required to achieve
low variations in the refractive index profile (neglecting
any fiber drawing induced effects). By using the available
EPMA radial concentration profiles for both Al,O; and
Yb,0;, theoretical refractive index profiles are derived
from the molar fractions c[mol%] and the refractive index
increment presented in References [29,41].

An X 10% = 67 X cYb,05 + 22 X cALO;. (1

(a)

Plasma processed
Repusil processed

92

90

N[ Plasma processed]: 2.918%10*

[10*An]

76 4 e [ Repusil processed]: 8.178*10

T T T T T
-1 0 1

Radius [mm]

(b)

Count

The fluctuations in concentrations sum up as fluc-
tuations in the refractive index distribution. The results
are plotted in Figure 9.

Thus, the calculated maximum fluctuations, An,,., are
superior for the plasma-processed sample, which are
around three times lower as compared with the Repusil-
processed sample, indicating excellent refractive index
homogeneity, as displayed in Figure 9a. Figure 9b presents
the refractive index distribution with the mean value pa,
and the standard deviation oy, for the plasma- and Repusil-
processed sample. The refractive index fluctuations, derived
from standard deviation o,, are about 3.5 times lower
for the plasma-processed sample, referring to superior
refractive index homogeneity.

Plasma processed

Mgt 87.423%107*
Repusil processed

G, 0.468*%10

=

251

20 1

Map: 81.161%107*
Gyt 1.706%107*

76

78 80 82 84

[10**An]

86 88 90 92

FIGURE 9 Calculated refractive index variations across sample radius for plasma- and measured Repusil-processed sample; (a)

line scans and (b) histograms for refractive index distribution
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4 | CONCLUSION AND OUTLOOK

An innovative approach based on microwave plasma at
atmospheric pressure has been developed for the deposi-
tion of homogeneously RE-doped material for fiber laser
preforms. Compared with established preform fabrication
technologies, the new approach is eligible to extend the
achievable active core specifications to maximum RE
doping level, core diameter, and homogeneity of dopant
distribution. Up to now, the Repusil process has been
considered as the best choice to fabricate actively doped
cores with large diameters and a good core material
homogeneity for excellent large mode area fibers. With the
plasma-based approach, specifications such as the max-
imum doping levels for RE as well as the overall dopant
distributions can be significantly improved.

Exemplary Raman and EPMA analyses on plasma
post-vitrified samples demonstrate radial doping homo-
geneity superior to comparable Repusil samples.

The material density of the plasma-deposited bulk
material strongly depends on the substrate temperature
during plasma deposition. In the present setup, micro-
wave power is limited up to 3 kW, allowing for substrate
temperatures <2000°C. For bubble-free in-situ vitrifica-
tion, the energy output needs to be higher, which in the
future will be solved by installation of a microwave sys-
tem with a higher input power.

Therefore, the plasma procedure described in this
paper significantly extends the present state-of-the-art
large-core dopant homogeneity, as defined by the Repusil
process with its unique features.
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