
Yb/Er co-doped phosphate all-solid
single-mode photonic crystal fiber
Longfei Wang1,2, Dongbing He1,2, Suya Feng1,2, Chunlei Yu1,2, Lili Hu1,2, Jianrong Qiu3 & Danping Chen1,2

1Key Laboratory of High Power Laser Materials, Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of Sciences,
Shanghai 201800, China, 2University of Chinese Academy of Sciences, Beijing 100049, China, 3Institute of Optical
Communication Materials, South China University of Technology, Guangzhou 510641, China.

An all-solid Yb31/Er31 co-doped single-mode phosphate photonic crystal fiber (PCF) with Watt-level output
power and 20 mm core diameter is demonstrated for the first time. A PCF whose refractivity of the
active core is lower than that of the background glass is suggested and theoretically confirmed to be in
single-mode operation at 40 mm core diameter.

F
ibers with short length and large mode area (LMA) are some of the most extensively investigated subjects in
high-power fiber lasers and amplifiers1. On one hand, LMA fibers can withstand considerably higher energy
without end-face damage and can effectively increase the threshold of nonlinear effects. Many solutions

have been suggested to overcome the limitation of the core diameter in a traditional step-index fiber, including
chirally-coupled-core (CCC) fibers2, leaky channel fibers3, gain-guiding fibers4, all-solid photonic bandgap
fibers5, and so forth. Among them, photonic crystal fibers (PCFs)6,7 are some of the most promising designs
for extending the core diameter of a single-mode LMA fiber. In fact, LMA-PCFs with core sizes approaching
100 mm have already been demonstrated8, thereby indicating the scalability of the core diameter in this kind of
design. However, the presence of hollows in a traditional LMA-PCF causes difficulty in splicing PCFs to com-
mercially available fiber-coupled devices and thus realizing an all-fiber laser system. Consequently, the industrial
applications of LMA-PCFs are limited. To address this problem, a PCF with an all-solid (AS) microstructure has
been suggested and realized9. The hollows of this PCF are replaced by another kind of glass, making the all-fiber
laser system possible. After then, an Nd-doped silicate AS-PCF10 and a single-mode Nd-doped phosphate AS-
PCF with up to 40 mm core diameter are realized11.

On the other hand, a short-length fiber can weaken the nonlinear effects and make a laser system more
compact. A straightforward method of shortening fiber length is to heavily dope the active core. However, for
the extensively used silica PCFs12,13, the solubility of rare-earth ions such as Yb2O3 cannot be substantially
increased prior to the onset of other deleterious effects, such as quenching, phase separation, and devitrifica-
tion14,15. In addition, when the core is highly doped, matching the refractive indexes between the photonic crystal
cladding and the active core is difficult for silica glass, which decreases the core diameter scalability of the PCF. By
contrast, soft glass can be very heavily doped without exerting any other detrimental effect16, and its refractive
indices can be easily adjusted. Thus, soft glass is a promising medium for PCF17,18.

In this paper, we demonstrate for the first time a phosphate Yb/Er co-doped single-mode AS-PCF with Watt-
level output power and 20 mm core diameter. Using the finite-difference time-domain method, we also confirm
that a single-mode AS-PCF with up to 40 mm core diameter can be realized using an index-depressed active core
based on the concept of higher-order-mode (HOM) delocalization.

Our fiber consists of three kinds of phosphate glasses (P2O5-Al2O3-K2O-BaO-Sb2O3-La2O3), and the end
face is shown in Figure 1. The refractive indexes of G0, G1, and G2 are 1.5398, 1.5393 and 1.5124 respectively
at 1.55 mm, measured by the V prism method with accuracy of 5 3 1025. The glass forming region is
remarkably large in phosphate glasses, so the proportions of the components and thus the refractive indexes
in the glass can be adjusted in a large range without adding any other dopants. The one-cell core is composed
of Yb/Er co-doped phosphate glass (G0) with active dopant levels of 6 wt.% for Yb31 ions and 0.5 wt.% for
Er31 ions. The inner cladding is composed of glasses G1 (bright area inside the black hexagon) and G2 (black
dots). The outer cladding (black hexagon) consists of glasses G2. We use G1 glasses as the jacket of our fiber.
These glasses are all provided by the Shanghai Institute of Optics and Fine Mechanics, Chinese Academy of
Sciences. The fiber is featured by a center-to-center distance between two nearest rods, L, and the rod
diameter, d, with d/L 5 0.26.
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We used a fiber with a length of 60 cm and an outer diameter of
350 mm to build the laser. The numerical aperture (NA) and the
normalized diameter of the inner cladding are 0.32 and ,200 mm,
respectively. The doped core of the fiber is 20 mm in diameter, with a
calculated effective NA of ,0.05 at around 1.55 mm. Moreover, the
doped part has a loss of 2.6 dB/m at ,1330 nm and a pumping
absorption coefficient of ,7 dB/m at 927 nm. Both properties are
measured using the cutback method11. A fiber-coupled laser diode
operated at 927 nm is used as the pumping source. A collimating lens
is used to align the pumping beam, and a coupling lens with NA 5

0.3 serves as the laser input couple. The cavity comprises a butt-
coupled dichroic mirror with high reflectivity (,1535 nm) and a
cleaved fiber end with ,5% Fresnel reflectivity.

The laser performance is shown in Figure 2 and the laser spectrum
is shown in Figure 3. A maximum output power of ,1.6 W is
extracted with a lasing threshold of ,150 mW for absorbed pump
power, and the slope efficiency is 21%. No rollover is found at the
highest output power, indicating that the maximum power of our
laser is limited only by the maximum available pump power. The
laser spectrum has a full-width at half-maximum (FWHM) of

,1 nm with the central wavelength at 1534.5 nm. We also measured
the beam quality factor (M2) of the laser to be 1.05. M2 and the far-
field intensity profile of the laser are shown in Figure 4.

Notably, the core diameter here is still relatively small, given the
core extension ability of the PCF. To further exploit the potential of
our PCF, a design with the refractivity of the active core being a little
lower than that of the background material is more desirable because
of the delocalization function of the HOMs of this structure, which
originates from the leaky nature of PCFs19. Moreover, the possibility
of quantifying the delocalization nature of the modes using the over-
lap factor (OF) has been well demonstrated10,11,19,20.

A high gain and single-mode operation are both important for a
PCF, so the OF between the fundamental mode (FM) and the doped
core should be as large as possible. Simultaneously, the OF between
HOMs and the core should be as low as possible. The former guar-
antees a large OF of the FM, which contributes to ensure adequate
gain of the fiber laser. The latter leads to a large overlap difference

Figure 1 | Microscopic image of the AS-PCF.

Figure 2 | Measured laser output power plotted against the absorbed
pump power.

Figure 3 | Spectrum of fiber laser.

Figure 4 | M2 factor of fiber laser. Inset: beam in the far field.
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(DOF; DOF 5 OFFM 2 OFHOM) between the FM and HOMs,
thereby enabling single-mode operation. Figure 5 shows the deloca-
lization behavior of the modes, where all modes can be seen to ‘‘leak’’
from the doped core but at different degrees to result in distinctive
OFs. Consequently, optimizing the parameters d and L of the fiber
enables a PCF with large OF for FM and low OF for HOMs to be
obtained, leading to a high-gain PCF with single-mode operation.

A DOF of 30% between the FM and HOM with the largest OF
(referred to as HOMmax) is proven adequate to ensure a single-mode
operation. Therefore, we fixed the value of DOF to be higher than
30% in our simulation and then identified the fiber parameters, the
core diameter dc (dc 5 L here), and d, with the largest OF for FM.
Additionally, considering that the refractivity of undoped back-
ground material is more convenient and easier to be lowered than
that of doped glass when increasing the doping level, we chose to
increase the refractive index of the background material and keep the
refractivity of the active core unchanged, yielding Dn 5 22 3 1024.
We chose this index step because of its accessibility in our laboratory.

After numerous calculations, an AS-PCF having three rings of
photonic crystal cladding with d 5 24 mm, dc 5 L 5 40 mm, and
thus d/L 5 0.6 was established. The calculated OFs of the FM and
HOMmax, as well as of the corresponding DOFs, are 74% and 43%,
respectively. Consequently, DOF 5 31% can be acquired, and a
single-mode operation can be expected. Notably, for a set of glasses
with a certain refractivity relationship, the available optimal para-
meters including the largest fiber core and the corresponding d and L
are definite. If the parameters diverge from the optimal values, the
fiber either has poor pump absorption efficiency, and slope effi-
ciency, or it will have a too low differential overlap to support sin-
gle-mode laser operation. This trend has been theoretically and
experimentally investigated in Ref. [16] and is not expatiated here.

In conclusion, we report a phosphate single-mode Yb/Er-doped
AS-PCF with 1.6 W output power and 20 mm core diameter. In

addition, a single-mode AS-PCF with up to 40 mm core diameter is
theoretically investigated and confirmed.
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Figure 5 | Mode profiles and corresponding OFs of the first several
modes. The large black circle refers to the doped core, whereas the small

black circles around the big circle represent the ‘‘rods’’ in photonic crystal

cladding.
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