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Abstract: We report the latest progress on fabrication of rare earth doped single crystal yttrium
aluminum garnet (YAG) core/undoped YAG cladded fibers. Rare-earth doped single crystal core
fibers were grown with laser heated pedestal growth methods. In a second step, epitaxial methods
were used to grow a single crystalline undoped YAG cladding onto the core fiber. Hydrothermal and
liquid phase epitaxy methods utilize the core doped fiber as the seed. X-ray diffraction of cladding
reveals an equilibrium (110) morphology. Energy-dispersive X-ray spectroscopy analysis shows there
is minimal diffusion of rare-earth dopants into the cladding structure. The use of scandium doping
is shown to substitute at the Al3+ site, thereby allowing an additional tunability of refractive index
of core structure material besides conventional Y3+ site dopants. The use of these epitaxial growth
methods enables material compatibility, tuning of refractive index, and conformal growth of cladding
structures onto core fibers for optical devices.
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1. Introduction

Recently, there has been growing interest in developing high-power fiber lasers with
nearly diffraction limited beam quality. The fiber laser architecture has a number of
advantages over bulk laser geometries. A key benefit of fiber-based geometry is reduced
thermal issues, including thermal beam distortions and fracture [1]. With planar waveguide
geometries, the increased thermal load due to a surface area to volume ratio can result in
refractive-index changes based on thermal gradients. The long interaction lengths based
on fiber lasers can result in high gain and impressive high power output. In a recent
demonstration, a single mode output of 10 kW has been demonstrated from a single
aperture in a Yb-doped silica fiber [2]. However, operating at higher power outputs can
result in thermal effects including thermal mode instability (TMI) and thermal lensing. In
addition, non-linear effects can result from having a long and thin gain medium profile.
Stimulated Brillouin scattering (SBS) is one effect seen at high power which can limit further
power scaling [3,4]. Much work has been focused on silica-based fibers to date [5–7]. The
ability to incorporate rare-earth dopants such as ytterbium as laser-active materials into
the core of silica-fibers can mitigate photodarkening issues. However, the use of solution
doping to incorporate the rare-earth ions can result in the presence of hydroxide impurities
in silica-based fibers. In addition, the laser-induced damage at higher powers with glass
fibers can damage the small cores. In an effort to mitigate SBS and TMI issues with fibers,
one strategy would be to select a different host material, such as crystalline materials, with
lower SBS cross-sections and higher thermal conductivities.

One suggested crystalline host material for core fibers that has shown great promise is
yttrium aluminum garnet (YAG) [8]. YAG offers numerous advantages over silica including
the potential for higher doping concentrations which would enable the use of shorter fiber
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lengths resulting in lower non-linear effects. YAG offers ∼10 higher thermal conductivity
compared to silica which would reduce any stresses in radial direction of the core limiting
melting or laser induced damage [9,10]. The lower SBS cross-section for YAG would lead
to reduced non-linear effects and enable much greater potential for high peak and average
laser power output [11]. YAG has the additional benefit of higher mechanical strength over
silica-glass [12]. A recent study suggests that based on thermal and non-linear effects, a Ho
doped silica fiber would have a limit of ∼3 kW single frequency power compared to an all
crystalline Ho-doped YAG fiber which could generate 35 kW of single frequency eye-safe
laser power [13].

In choosing cladding materials to apply to a crystalline YAG core, several characteris-
tics must be considered. Minimizing any coefficient of thermal expansion (CTE) mismatch
between materials would reduce any interfacial stress between the core and cladding. The
ability to control numerical apertures (NA) through tailoring of the refractive indices can
enable high power lasers. Finally, mechanical toughness similar to the core material would
help ensure a rugged device. By choosing a proper crystalline cladding, thermal stresses
are kept to a minimum between core and clad materials. Tuning of the NA is possible
through changing refractive indices by tailoring the composition of the materials. While
crystalline cladding selection offers better thermal and mechanical properties than glass,
crystalline materials have very defined melting points and low viscosity in the molten state
making it difficult to use a preform with a predefined core-clad structure to make a fiber as
is commonly used for glass fibers.

The challenge is to maintain the integrity of the crystalline core during the cladding
process by maintaining a growth temperature below the melting point of the YAG core.
Previously, methods including magnetron sputtering and in situ core-cladding pulling
processes during laser-heated pedestal growth (LHPG) have been used to apply crystalline
claddings to a crystalline core fiber [14–18]. These have had various successes in applying
crystalline claddings, but there have only been limited reports on liquid phase epitaxy
and hydrothermal growth being used for depositing crystalline cladding on crystalline
core fibers. While the feasibility of using an epitaxial process to grow single crystal
undoped YAG cladding on a rare-earth doped single crystal YAG core fiber has been
shown previously in a report by Dubinskii et al., a detailed characterization of the crystal
quality through single crystal X-ray diffraction has not been demonstrated [19]. Also, the
optimization of these growth techniques to control etch-back on fibers followed by actual
crystal growth on etched facets has not been reported. In fiber optics there has been a
great deal of studies to explore doped-YAG where the dopant is Nd3+, Er3+, Yb3+, or Cr4+.
However, due to their low thermal conductivity their applications as high power laser
materials is limited [20]. Kim et al. reported on the synthesis and applications of doped
sesquioxides such as Sc2O3, Y2O3, and Lu2O3 for high power laser applications because
of their high thermal conductivity and high absorption and emission cross sections of 3+

rare-earth ions [21]. Thus based on the optical and thermal conductivity consideration a
sesquioxide-doped YAG is a potential candidate for high-power applications. Here, we
report on progress in the development of crystalline cladded doped YAG fiber structures as
deposited successfully with the liquid phase epitaxy and hydrothermal methods. Physical
and optical properties of these fibers are discussed. We also report on progress in the
characterization of a scandium (Sc):YAG crystal cladding layer grown epitaxially on a YAG
substrate as deposited successfully with the liquid phase epitaxy (LPE) method.

2. Experimental
2.1. Fabrication of Doped Yttrium Aluminum Garnet (YAG) Core Fibers

In order to fabricate core and cladding structures for use as low loss waveguide fibers,
a two step procedure is used in which the high quality single crystal core fiber must be first
fabricated through LHPG. In the second step, the small core fiber is then overclad with
other techniques. We have developed a high-precision LHPG system to draw single crystal
fibers with lengths over 1 m and diameters as small as 17 µm (Figure 1). The LHPG system
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is a modified float zone crystal growth technique that utilizes a high-power stabilized
CO2 laser to melt a seed crystal that is lowered from above the melt into the molten zone.
Once the seed comes into contact with the molten zone, the feed crystal is advanced into
the molten zone at a constant rate while a feedback system maintains ∼1% core diameter
uniformity on small diameter fibers. The fibers created from LHPG demonstrate good
mechanical strength and flexibility.
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Figure 1. Schematic of laser-heated pedestal growth (LHPG) technique at the Naval Research Laboratory resulting in a fiber
with high flexibility. A feedback mechanism controls the pulling rate to achieve as small as 17 µm fiber diameter from a
100 µm feedstock.

2.2. Undoped YAG Cladding Processes on Fibers
2.2.1. Hydrothermal Growth

Hydrothermal synthesis of YIG (Y3Fe5O12) was first studied by Laudise with the
goal of developing a lower temperature process compared to liquid phase epitaxy [22].
However, Czochralski methods were used primarily in the field to grow large YAG boules.
Recently, McMillen et al. reported growth of YAG through hydrothermal method using
YAG disks [23]. Here, we report on hydrothermal growth using a Yb-doped YAG single
crystal core fiber as seed material (Figure 2). The seed substrate is suspended with a ladder
in the upper portion of the autoclave and is kept slightly cooler than lower zone where the
feedstock material is provided through a baffle located in between two zone throughout the
growth process. The feedstock of cladding component oxides in the lower portion of the
two zone furnace includes stoichiometric amounts of Y2O3 and Al2O3. K2CO3 mineralizer
and water are added to reach a fill level of approximately 50 to 70%. The sealed autoclave
is run between 600 and 640 ◦C to achieve a thermal gradient between dissolution and
growth zones, which are separated by a baffle. The thermal gradient and pressures of
15−25 kpsi result in a super-saturation of the cooling region and encourages crystal growth
of undoped YAG onto the seed substrate. The core fiber drawn from the LHPG process
serves as the seed single crystal fiber in this cladding process.
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Figure 2. Hydrothermal chamber for cladding growth showing the bottom dissolving zone and an
upper growth zone for growing single crystal cladding on single crystal fiber.

Various dopants and concentrations can be used with this method to deposit cladding
onto the rare-earth doped YAG core fiber. In Figure 3, a 100 µm square shaped Ho3+ doped
single crystal YAG fiber was cladded with YAG containing a small dopant concentration
(0.25%) of Co2+/Si4+. The Co2+ doping allowed for a simplified blue color identification
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of the cladding structure. The Si4+ co-dopant was used for charge compensation as Co2+

and Si4+ substitute at the Al3+ site in YAG crystal. Crystal core/clade fiber with a diameter
of 140 µm was successfully fabricated as shown in Figure 3. Tuning of the feedstock
concentrations were investigated in order to understand boundary conditions for this
method. Specifically, the quantity of feedstock and the presence of other reactants were
found to determine the etchback conditions. Etchback occurs when the feedstock is nutrient
deficient and the fiber would dissolve in a preferential direction. This may be used in the
future to achieve smaller core diameter fibers as well as designing specific geometries.
Faceted growth may be seen on the end face of an epitaxially cladded fiber as shown in
Figure 4. A cleaving and polishing step is used to reveal the core-clad structure prior to
splicing between dissimilar materials such as silica [24].
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Figure 4. As grown end face of 208 µm × 208 µm fiber, followed polishing. (a) SEM image of
as grown end face after hydrothermal growth. (b) Confocal microscope image of polished fiber
cross-section.

2.2.2. Liquid Phase Epitaxial Growth

In a different approach to achieve an all crystalline core/clad laser fiber, an approach
using liquid phase epitaxial growth has shown considerable promise. The approach is
similar to the hydrothermal growth process where the solution phase is initially fully
saturated with dissolved YAG. The YAG powder or mixture of Y2O3 and Al2O3 reactants
are added to molten flux at high temperature (>1100 ◦C) until it exceeds saturation. The
molten flux containing PbO and B2O3 is stirred in the platinum crucible with the YAG
material while the single crystal core fiber is immersed in the flux as a seed material and
crystal is grown around the fiber (Figure 5). With a reaction temperature kept between
1000−1050 ◦C, well below the melting temperature of YAG, the seed-doped YAG fiber
serves as the nucleation site for crystal growth for undoped YAG. As the temperature of the
molten flux is slowly lowered, the saturation limit for dissolved YAG drops and the excess
comes out of solution and deposits on the fiber. Isothermal growth conditions within the
furnace ensure a uniform and homogenous composition throughout the grown cladding.
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Figure 5. Schematic showing liquid phase epitaxy growth setup of YAG crystal cladding.

Sc:YAG crystal layers were grown from PbO−B2O3 fluxed melts using an isothermal
LPE dipping method similar to that described in the literature [25,26]. The substrates
were polished (100) wafers of Czochralski-grown yttrium aluminum garnet of dimensions
10 × 10 mm2 and approximately 0.5 mm thick. The melts were prepared from an appropri-
ate amount of oxides in the same stoichiometric ratios as desired film compositions. Upon
removal from the melt, sample was rinsed with HCl acid to remove any residual flux.

3. Results
3.1. Characterization

Energy-dispersive X-ray spectroscopy (EDX) was used to characterize the composition
of the cladded YAG fiber. Elemental analysis of the cladding and core regions reveals a sto-
ichiometry close to the desired Y3Al5O12 stoichiometry of undoped YAG phases (Table 1).
The core fiber shows a dopant concentration of roughly 14% Yb, as expected from the
doped core fiber grown from LHPG. In addition, there is a sharp gradient in the detection
of the concentration of Yb at the core–clad interface. This suggests minimal diffusion of
rare-earth ions occurred during the hydrothermal growth of cladding. Diffusion of the
dopant would cause scattering losses and less confinement of light in the core.

Table 1. Atomic % composition of fiber core and cladding regions determined by energy-dispersive
X-ray spectroscopy (EDX, uncalibrated measurement).

Composition O Al Y Yb

Core (10% Yb:YAG) 65 21 12 2
Cladding (YAG) 67 19 14 0

Single crystal X-ray diffraction (XRD) was used to identify the crystal structure of
the cladding and identify the crystallographic directions of the different facets (Figure 6).
Initially the Yb:YAG core fiber shows multiple facets and possible growth planes prior to
hydrothermal cladding. However, when there was sufficient growth time in the autoclave,
the equilibrium morphology that was favored was clearly the (110) form as demonstrated
by undoped YAG cladding growth planes. The angles between (110) and (110) are predicted
to be 90 degrees and this is visually depicted as a square cladding. The doped core region
has slightly lower unit cell parameters due to the smaller ionic radius of Yb3+ (0.86 Å)
compared to the Y3+ (0.89 Å) in YAG garnet (Table 2).
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Figure 6. X-ray diffraction (XRD) of a single crystal doped YAG core before and after cladding with
dimensions 208 µm. (a) Miller indices of Yb:YAG core fiber crystal planes before cladding; (b) Miller
indices of undoped YAG cladding after hydrothermal growth.

Table 2. XRD lattice parameters of the doped YAG core and the undoped YAG cladding.

Composition Phase ID Space Group Cell Parameters (Å) Volume (Å3)

10.0% Yb:YAG core before
Hydrothermal growth YAG F-43m (216) a = b = c = 11.9787 1718.796

Undoped YAG cladding after
Hydrothermal Growth YAG F-43m (216) a = b = c = 12.0113 1732.871

The original core fiber as drawn from LHPG used for the hydrothermal cladding pro-
cess shown in Figure 7a can be seen with corners. With insufficient feedstock reactants, the
dissolution of a core fiber can result in slight etchback of the original substrate (Figure 7b–c).
The radius of curvature remains similar, yet the faces of the dissolution form (D-form) can
flatten to form additional faces. It has been suggested that the growth form (G-form) of a
single crystal substrate will eventually switch from the fastest growing faces to the slowest
and reach an equilibrium state [27]. The D-form for a substrate will exhibit the faces with
the greatest shift velocities. This has been shown for acid etching of garnet crystals, where
the (111) form was the most frequent D-form for single crystal sphere substrates [28]. For
the growth of bulk YAG, a chemical bonding theory of single crystal growth was used
to determine the (100) growth direction to be the slowest [29]. In initial experiments, the
growth in (111) directions was the fastest-resulting cladding. For the perfect crystal, the
lowest energy plane would have the slowest growth rate, which would be the (110) plane.
In a terminated growth reaction, the observed end-face of a fiber with the hexagonal (111)
planes growing out and eventually would be bound by the lowest energy plane (110),
before coarsening completely to the equilibrium morphology. These etch-back and growth
processes require a considerable amount of effort to understand and optimize. However,
the tunability of experimental conditions such as nutrient concentration and processing
temperature can result in a well-defined faceted core fiber followed by epitaxial cladding
growth [30].

A high-resolution X-ray diffractometer using CuKα1 radiation was used to measure
the rocking curve for the hydrothermally grown cladding using (022) reflection and a
FWHM of 0.047◦ was determined (Figure 8). The intensity for a polycrystalline sample
varies as a function of square of the amplitude of the structure factor:

I ∝ |F|2 ⇒ I = C |F|2 (1)
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by hydrothermal method. (b) Doped core fiber cladded with undoped YAG cladding. (c) A single
crystalline core reveals some etchback had occurred during hydrothermal process.
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Figure 8. Rocking curve of hydrothermally grown undoped YAG cladding using a (022) reflection
and CuKα1 radiation.

If we take the intensity ratio of the 400 and 800 peaks as previously reported [31],

I400/I800 = |F400|2/|F800|2 = 29/9 = 3.22 (2)

1 

 

∴ |F400|/|F800| ∼= 1.8 (3)

For a nearly perfect crystal the intensity of the different ratios of peaks varies as:

I ∝ |F| (4)

Thus we expect the ratio of intensities for a nearly perfect crystal to be:

I400/I800 = |F400|/|F800| ∼= 1.8 (5)

For a single crystal YAG cladding grown epitaxially, our measurements show the ratio of
the measured intensities of 400 to 800 reflections are ∼1.8 in agreement with the expected
value. In addition, the full width half maximum (FWHM) of (400) is 169 arc secs, consistent
with very high crystalline quality [32,33]. The values for FWHM demonstrates lower
contributions from dislocation density, strain, and any other defects present in the crystal.
In comparison, previous reports of YAG garnets grown with the Czochralski method and
horizontal directional solidification method were determined to have FWHM of 1372 and
947 arc secs, respectively [34,35].

3.2. Demonstrated Power Gain in Hydrothermal Cladded Fiber

A 100 µm Yb:YAG core, undoped YAG fiber structure whose cladding was fabricated
by the hydrothermal crystal growth method was used for the gain measurements. The
cladding thickness varied radially and ranged from ∼15−40 µm. The refractive index of
undoped YAG is lower than that of doped YAG. Based on the index of 10% Yb:YAG and
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undoped YAG, the numerical aperture (NA) of the fiber core was∼0.1. Gain was measured
using a 1025 nm DFB laser as the seed and a 970 nm diode pump operating at 10% duty
cycle to minimize heating of the sample (Figure 9). Both pump and seed were launched
into the core of the 10% Yb; YAG fiber. The launched seed signal temporally overlapping
the pump was 0.268 mW. A net peak gain of 14 dB was measured in a 7 mm long sample.
For single crystal fiber structures to be a viable technology, mating the fiber to silica fiber
technology is critical. We have demonstrated splicing of unclad 100 µm single crystal YAG
fiber to 65 µm core/125 µm clad silica fiber. A splice loss of 0.33 dB was measured with a
splice tensile strength of ∼50 kpsi.
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Figure 9. Gain measurements in cladded fiber. The pump was coupled into cladding and signal into
the core. A core loss of 0.15 dB/cm (measured at 1300 nm) is reported.

3.3. Liquid Phase Epitaxial Growth of Scandium (Sc):YAG

For an all crystalline core/clad fiber, the epitaxial growth techniques allow for match-
ing of cladding crystal structures to the core. Matching of the lattice constants and thermal
expansion minimizes stresses and interface losses. The undoped YAG material has the low-
est refractive index (1.814) compared to other garnets. While doping allows for tunability
of the refractive index within the garnet family, most reported doping is restricted at the
Y-site of standard Y3Al5O12. Here, we expand the range of tuning of the refractive index
by doping with Sc where the Al ions can be substituted and report on investigating some
of the properties within the Sc-substituted YAG composition, Y3(Sc,Al)5O12.

In order to better predict the impact of Sc3+ doping, we investigated possible effects
on the overall structure. The crystal structure of YAG and lattice substitutions has been
reported in the literature [36]. The crystal structure of YAG and the local environment
around Al3+ and Y3+ ions is shown in Figure 10. The larger Y3+ ion (1.019 Å) goes in a
dodecahedral site where it is surrounded by 8 O2− ions. The smaller Al3+ ion goes on
octahedral and tetrahedral sites. The ionic radii of Al3+ in octahedral and tetrahedral
coordination are 0.535 Å and 0.39 Å respectively [36]. The occupancy of Al3+ ion in
the octahedral:tetrahedral sites is in a 2:3 ratio. If A represents Y3+ in the dodecahedral
site while B and C represent Al3+ in octahedral and tetrahedral sites, respectively, then
the YAG structure can be represented as A3(B2C3)O12. The rare-earth ions (Yb3+ and
Ho3+ in our case) substitute for Y3+ ion on the A site. The ionic radii of Sc3+ in eight-
fold coordination (A-site) is 0.87 Å while in six-fold coordination (B-site) it is 0.745 Å.
Scandium substitution on both A-site (for Y3+) and B-site (for Al3+) has been reported in
the literature [37]. When the Sc3+ ion substitutes for larger Y3+ ion (on A-site) the unit cell
size decreases and when it substitutes for the smaller Al3+ ion (on B-site) the unit cell size
increases [37]. When Sc substitutes on all the B-sites the formula can be represented as
Y3Sc2Al3O12. We used VESTA analysis software to calculate the crystal structure of YAG
as a function of Sc substitution on the B-site. The shift in d400 peak as would be observed
using X-ray diffraction is shown in Figure 11a. This is shown as an increase in d-spacing in
Figure 11b or as a shift to lower angles for the (400) peak in 2θ as shown in Figure 11a. Our
initial results based on six various compositions indicate greater Sc substitution leads to
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larger unit cell parameters (Figure 11b). However, it is possible the Sc3+ (0.745 Å) ions can
substitute the larger Y3+ (1.019 Å) ions. The Y−O polyhedral sites contain a dodecahedral
site for the Y3+ ions, which is typically the site for rare-earth dopants such as Nd3+. In
this approximation, substitution at the A-site would lead to decreased unit cell parameters
as Sc3+ dopant concentration increased, as previously shown in one report [38]. The
compositions of the planar substrates were analyzed with energy-dispersive spectroscopy
(EDS) and confirmed to be similar to the composition of the prepared melt (Figure 12). The
measured concentration level of Y is consistent with that of undoped YAG, suggesting the
Sc doping is confined to the Al site.
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Figure 11. (a) A shift to lower 2θ angles is predicted in X-ray diffraction (XRD) diffraction peak for (400) based on increased
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Sc-YAG films were measured using ellipsometry for changes in polarization of light
reflected from samples using a knife-edge illumination technique. This technique avoids
the disturbing backside-reflections that can occur from thin transparent substrates by using
a beam cutter. Refractive index and a non-zero extinction coefficient were obtained by
fitting a Cauchy optical model to measurement data, as shown in Figure 13 for an undoped
YAG substrate. For the uncoated YAG substrate measurement, a refractive index, n, of
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1.820 is measured at 1 µm that is slightly higher than the theoretical values of 1.814 for
an undoped Y3Al5O12 (YAG) at 1 µm. After the epitaxial growth of Sc-YAG films, refrac-
tive indices at 1 µm were measured to be 1.837 and 1.841 for Y3(Sc0.33Al1.67)Al3O12 and
Y3(Sc0.67Al1.33)Al3O12, respectively. The addition of Sc3+ leads to a higher refractive index,
while YAG is still ideal for the outer cladding of a fiber. Any need for additional dopants
allows for precise tailoring of the inner cladding refractive index for an all-crystalline
double-clad fiber laser.
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Figure 13. Optical model and fit for a bare undoped YAG substrate from measurements using ellipsometry, showing n,
refractive index, and k, a non-zero extinction coefficient, plotted against wavelength. A refractive index of 1.820 is measured
at 1 µm for this sample.

In order to further examine the possible sites for scandium substitution, we used
Raman spectroscopy to look at the stretching vibrations for the (AlO4) unit. The lattice
strains that are introduced by doping YAG at the Y3+ site by Nd3+ typically result in a blue
shifting of modes [39]. In the Sc-doped YAG films, we observe that the longer Sc–O bonds
results in distinct peaks in the Raman spectra based on a regular substituting of Al3+ by
heavier Sc3+ ions. In Figure 14, the peaks seen between 680 and 1350 cm−1 can be assigned
to the internal stretching vibrations between scandium ions and oxygen in the tetrahedral
(Sc,Al−O4) unit [40,41]. A detailed analysis of the Raman spectra of compositions will
described in a subsequent communication.
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Figure 14. Raman spectra for undoped YAG (blue) and scandium (Sc):YAG compositions at room
temperature.

4. Summary

The hydrothermal and liquid phase epitaxial growth of YAG shows great promise
for single crystal cladding onto single crystal core fibers. These epitaxial techniques are
versatile epitaxial methods to growth undoped YAG cladding of various thicknesses onto
doped YAG core fibers, potentially for tailoring of optical laser devices. These techniques
also potentially allow for double cladding of doped core fibers. We have demonstrated
that careful consideration of feedstock concentrations is important for controlled etchback
of original core fiber. In addition, growth experiments of single crystal YAG cladding
demonstrated (111) morphology if terminated early before reaching the equilibrium (110)
form. Our present work shows a demonstration of the versatility of these epitaxial growth
methods to grow single crystal cladding onto a single crystal core fiber. A Yb-doped YAG
core fiber was cladded with undoped YAG and demonstrated a 14 dB gain. A liquid phase
epitaxial method was used to grow varied compositions of single crystal Sc:YAG films onto
YAG substrates, showing a higher refractive index for doped compositions. This work may
serve as a basis for the continued development of epitaxially grown films for other doped
YAG compositions in optical devices.
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