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Abstract—A record net gain of 17-dB has been demonstrated in
a 300-nm broadband single-mode Cr-doped crystalline core fiber
(CCF) with a 19-µm core diameter and 18-cm fiber length. The
gain-per-unit-length of the CCF, which is an impressive 94 dB/m, is
significantly higher than that currently achieved in other rare-earth
doped fiber amplifiers, such as Er and Bi-doped fibers. This high
gain was achieved by matching the transmission mode between
CCF and single mode fiber for improving the coupling efficiency.
We controlled precisely the conical molten-zone in the growth
process, as well as the optimization of the Cr4+ concentration
through thermal annealing and polarization pumping techniques.
We also measured the noise figures of several core diameters,
finding that the 19-µm core diameter CCF exhibited a noise figure
4.2 dB lower than the previous 25-µm core diameter CCF. This
result is important because it indicates that the smaller diameter
CCF is capable of providing even better signal-to-noise ratios. And
the error-floor free data transmission of the CCF was successfully
demonstrated at a rate of 10 Gb/s. This is an important achievement
because it shows that the CCF has the potential to be used in
high-speed communication applications.

Index Terms—Fiber amplifier, annealing and polarization pump,
net gain, and pump-to-signal-conversion-efficiency.

I. INTRODUCTION

ERBIUM-DOPED fiber amplifier (EDFA) was one of the
key optical communication technologies of the 20th cen-

tury [1], [2], [3], [4]. Over the past 30 years, significant re-
search and development efforts have been made to improve the

Manuscript received 27 February 2023; revised 21 March 2023; accepted
26 March 2023. Date of publication 30 March 2023; date of current version
17 April 2023. This work was supported in part by the National Science and
Technology Council, Taiwan under Grants 109-2221-E-005-075, 110-2222-E-
005-003, 111-2221-E-005-024-MY2, and 111-2221-E-005-023-MY3, and in
part by the Ministry of Education, Taiwan under Grant 111RA077A from Prof.
Charles W. Tu. (Corresponding author: Chun-Nien Liu.)

Chun-Nien Liu is with the Department of Electrical Engineering, National
Chung Hsing University, Taichung 402, Taiwan (e-mail: terbovine@gmail.com).

Kai-Chieh Chang and Sheng-Lung Huang are with the Graduate Institute of
Photonics and Optoelectronics, National Taiwan University, Taipei 102, Taiwan
(e-mail: chang3175@gmail.com; shuang@ntu.edu.tw).

Chia-Ling Tsai, Wei-Chih Cheng, and Wood-Hi Cheng are with the Grad-
uates Institute of Optoelectronic Engineering, National Chung Hsing Univer-
sity, Taichung 402, Taiwan (e-mail: nikki1996210@gmail.com; weichih0428@
gmail.com; whcheng@email.nchu.edu.tw).

Tien-Tsorng Shih is with the Department of Electronic Engineering, National
Kaohsiung University of Applied Sciences, Kaohsiung 800, Taiwan (e-mail:
tt@nkust.edu.tw).

Digital Object Identifier 10.1109/JPHOT.2023.3263126

EDFA, which has played a crucial role in the growth of the
global optical communication market. However, the EDFA has
limitations when it comes to bandwidth, as it can only be used
for C- or L-band WDM transmission and utilizes just 45% of
the low-loss transmission bandwidths from 1.3 to 1.6-μm in
optical communication systems. While other fiber amplifiers,
such as Tm-doped fiber (TDF) in the S-band [5], Pr-doped
fiber (PDF) in the O-band [6], and Bi-doped fiber (BDF) in the
U-band [7], have been developed, they cannot yet be used for a
single fiber amplifier covering the entire 300-nm bandwidth.
Recently, researchers have explored single-mode chromium-
doped crystalline core fibers (CCFs) as possible candidates for
broadband amplifiers to cover the interval from 1.3 to 1.6-μm [8],
[9], [10]. The core of the CCF is composed of chromium doped
with yttrium aluminum garnet (Cr:YAG), and the fluorescence
spectrum of the CCF emitted from Cr3+-ions of the octahedral
site and Cr4+-ions of the tetrahedral site provides a wide usable
bandwidth. However, the high volatility of chromium oxide
during the high-temperature growth process made it challenging
to maintain a sufficient concentration of Cr4+(tetra) -ions in the
CCF. In a previous study, researchers reported on the fabrica-
tion of a 25-μm CCF and the dependence of gain on length
and tetrahedral Cr4+-ion concentration [11], [12]. However, the
pump-to-signal-conversion efficiency (PSCE) of the CCF with
a 25-μm core was less than 0.1%, making it impractical for use
in broadband fiber amplifiers. This low PSCE was due to the
low Cr4+(tetra) concentration in the CCF core and the coupling
mode-mismatch between the CCF and single-mode fiber.

Maintaining a high concentration of Cr4+(tetra)-ions in the
CCF core is difficult due to the volatility of chromium oxide dur-
ing the high-temperature growth process. Previous research has
shown that optimization of Cr4+-ions in CCFs resulted in a net
gain of 7.1-dB [9], 8.0-dB [10], 6.7-dB [11], and 11-dB [12]. To
increase the fluorescence intensity of Cr:YAG, annealing of the
Cr:YAG crystal can be performed to transform Cr3+(octa)-ions
into Cr4+(tetra)-ions [8]. Further enhancement of the excited
Cr4+(tetra)-ions can be achieved by aligning the polarization of
the pump and signal along the same crystal axis [12]. As for the
coupling mode-mismatch between CCF and single-mode fiber,
it is difficult to fabricate single-mode CCFs with small core
diameters (<25 μm) and the small index difference cladding to
achieve the V-number less than 2.405 [8].
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TABLE I
COMPARISON OF NET GAIN FOR DIFFERENT DOPED FIBERS

In this study, we improved the laser heated pedestal growth
(LHPG) process by implementing a better control loop and more
precise control to fabricate CCFs with a smaller core diameter
and the high-index glass cladding. Compared to previous reports
[8], [9], [11], [12], the obtained net gain of 17-dB is the highest
value reported for CCFs (see Table I). The 19-μm core diameter
fiber exhibits an average 2.2-dB lower noise figure than the
larger 25-μm core. Optical data transmission at 10 Gb/s was
successfully demonstrated using test equipment for the CCF.
Therefore, the proposed CCF shows promise for possible use
in next-generation broadband fiber amplifier applications. The
remainder of this paper is organized as follows: Section II
describes the fabrication process of the CCFs, followed by
the measurement and results in Section III. A discussion and
conclusion are presented in Section IV.

II. FABRICATION

The gain of the CCF is related to the Cr4+-ions concentrations
in the Cr:YAG chromium oxide (Cr2O3) and calcium oxide
(CaO) on the surface of the Cr:YAG rods, followed by an anneal-
ing process, was found effective in increasing the concentration
of Cr4+-ions [15], [16], [17], [18]. We used an electron-beam
evaporator to coat a brown Cr2O3/CaO film on bulk 300-μm
Cr:YAG rods. When the Cr diffuses internal to the Cr:YAG
fiber, the ions are Cr2+, Cr3+ and Cr4+ [16]. The coating of
the CaO on the outer layer of Cr2O3 increases the content of
Cr4+-ions through charge compensation with Cr3+ by divalent
ions of Ca2+ [13]. Introducing the Ca2+ by dielectric coating
is a suitable choice in the Cr:YAG rod since Ca2+ has a better
lattice matching then other divalent ions. Besides, the addition
coating of CaO layer on the outer layer of Cr2O3 layer prevents
out-diffusion of Cr-ions from the core [12]. The Cr4+(tetra)
enhanced mechanism of annealing process of chemical shifts
might be represented by the two equations as follow [10]:

Cr3+ (octa) + 1/2 O2 � Cr4+ (octa) + O2− (1)

Cr4+ (octa) + Al3+ (tetra) � Cr4+ (tetra) + Al3+(octa)
(2)

Equations (1) and (2) showed that the Cr3+(octa) in the
Cr:YAG adsorbed oxygen and transformed into the Cr4+(octa)
and then the Cr4+(octa) transformed into the Cr4+(tetra), result-
ing in the higher fluorescence intensity.

The dielectric coated 300-μm diameter Cr:YAG rod was
regrown by LHPG to reduce its diameter to 80-μm and then to

Fig. 1. The structure of LHPG system and growth chamber.

19-25 μm for the Cr:YAG fiber. Fig. 1 shows a growth system of
the LHPG which consists of a continuous-wave CO2 laser with
4.4-mm beam diameter and less than ±0.4% power fluctuation,
an adjustable expander, two CCDs, and a growth chamber [8].
In order to fabricate smaller fiber core and longer fiber with
good uniformity, a novel predictive control was employed [12].
All factors influencing laser power, such as operating current,
laser mode distribution, heat dissipation, should be controlled
to ensure stability of operation. In this study, we adjust the duty
cycle of CO2 laser by employing a predictive control for plain
input current signal stabilization, which consists in controlling
the power ripple of CO2 laser fluctuations within ± 0.1% to
reduce power gap during LHPG process. The fiber growth rates
and molten zone sizes for the small core diameter was less than
0.29 cm/min and 16-μm, respectively. Therefore, we are able
to constantly maintain the conical molten zone in fiber growth
for small fiber-core fabrication. The CCF is the crystal fiber and
cannot be curved to more than 1-meter radius of curvature.

After the LHPG process, a thermal annealing technique was
adopted. The annealing temperature was about 1000 °C for an
annealing time of 12 hours. We choose the high-index glass
(ncladding = 1.8275) as the fiber cladding to match up with the
Cr:YAG (ncore = 1.8280) as the core material. In order to verify
the single-mode characteristics of the 19-, 20-, and 25-μm core
of CCFs, we have measured the near-field and far-field patterns
with 1550-nm wavelength. For single mode characteristics, the
relationship between the divergence angle of far-field and the
mode field diameter (MFD) of near field is given by [19]:

Divergence angle(Single mode) = 2λ/(MFD ∗ π) (3)

We have measured both the near and the far field of the CCF,
as shown in Figs. 2 to 4. Figs. 2 and 3 show the schematic
of far-field and near-field pattern measurement and the CCD



LIU et al.: 17-DB NET GAIN OF BROADBAND SINGLE-MODE CR-DOPED CRYSTALLINE CORE FIBER FABRICATED BY SMALL CORE 7100306

Fig. 2. Structure of far-field pattern measurement.

Fig. 3. Structure of near-field pattern measurement and where the 40x lens
provides a x5 magnification of the near field distribution on the CCD.

Fig. 4. Beam radius as function of distance for near-field MFD and far-field of
divergence angle for different core diameters of (a) 19-, (b) 20-, and (c) 25-µm.

supplied the mode field distribution on which the MFD was
measured, respectively. Fig. 4 shows the beam radius as func-
tion of distance for near-field of MFD (insert) and far-field of
divergence angle for different core diameters. The near field
distribution of modes showed near to circularly symmetrical.
The divergence angle of 2.75o, 2.58o, and 2.06o were measured
for the 19-, 20-, and 25-μm core of the CCFs, respectively, these
values are to be compared to theoretical values of 2.76o, 2.58o,
and 2.06° coming from (3). The MFD of 20.5-, 21.9-, 27.4-μm
at 1.55-μm wavelength for the 19-, 20-, and 25-μm core of the
CCFs, respectively, were measured by the near-field patterns.
Based on reference [19], these measured date of the MFDs and
divergence angles were satisfied the (3) for the single mode
characteristics of the CCFs.

Recent studies have reported on Cr4+ enhancement in CCFs
using polarization pumping techniques [12]. Three classes
of sites oriented along the crystallographic axes are labeled
X:(010), Y:(100), and Z:(001), and their respective Z-axes are
parallel to the crystallographic axes of the host Cr4+-ion. The
cross-section of ground-state absorption with a pump beam
polarized along the (001) axis is larger than with a pump beam
polarized orthogonal to the (001) axis. Therefore, when the
polarization of the pump and the signal are parallel to the same
crystal axis, the CCF amplifier has the best performance [20].

Finally, four different types of CCF are listed in Table II. To
assess the quality of growth, we used the standard deviation of
the core diameter as a parameter. A smaller standard deviation

TABLE II
FOUR DIFFERENT FABRICATION PARAMETERS OF THE CCFS

Fig. 5. The measured coupling efficiency (CE) and pump-to-signal-conversion
efficiency (PSCE) of Cr:YAG fibers.

indicates better growth quality for the CCFs in the LHPG pro-
cess. This leads to a better light path, reduces losses, and results
in higher fluorescence intensity and gain. A standard deviation
below 0.6-μm was set as a limit to indicate good growth quality
of the CCFs in the LHPG process [12].

III. MEASUREMENTS AND RESULTS

Because of the coupling mode-mismatch from different core
diameter size between CCF and single-mode fiber, we used an
accurate control with a precise conical molten-zone shape in
growth process to fabricate smaller core of 19-μm and reduce
the coupling mode-mismatch effect, leading to a higher coupling
efficiency (CE) and the PSCE, which defined as the ratio of
output signal power to input pump power. The different core
diameters of CCF were butted coupling with a single-mode fiber
by a mechanical splicer, respectively, to measure the power rate
between input and output power. In order to avoid reflections
due to a small gap between fibers, we used the index-matching
fluid between the CCF and single-mode fiber. Fig. 5 shows
the setup for the measurement of CE and PSCE of CCFs
of different core diameters. The PSCEs of the samples B, C
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Fig. 6. Structure of gain measurement.

and D were 0.3, 0.7, and 0.8%, respectively. The CEs of the
samples B, C, and D were 10%, 20%, and 25%, respectively.
The result showed that the CE significantly improved as fiber
diameter reduced. In comparison with the 25-μm core CCF,
the CE and PSCE of the 19-μm core CCF are increased by
2.5 and 2.7 times, respectively. The internal power conversion
efficiency of the CCF strongly depends on the core diameter
between single mode fiber of 9-μm core diameter and the CCF.
A 9-μm core diameter of the CCF is currently under devel-
opment. Therefore, the coupling mode-mismatch between CCF
and single-mode fiber may be solved to significant improvement
the internal power conversion efficiency of the CCF. In Fig. 5,
the 9-μm and 15-μm core CCFs had been fabricated. However,
the length of these two fibers were too short to measure net
gain.

The system gain of fiber amplifier is expressed as the ra-
tio between the output signal and the input signal amplitude
[21]. Net gain is the system gain plus total loss, which is
contributed by the coupling loss, the scattering and absorption
losses, the excited sate absorption, and other loss effects of
the CCF. A 1060-nm Nd:YAG laser pump source, a 1400-nm
signal source with 0.3-mW output power, and a polarization
controller were used for the measurement, as shown in Fig. 6.
The result of the optical amplification of the CCF signal was
detected by an optical spectrum analyzer (Anritsu MS9740A).
Then, the total loss of the CCF was measured by the cutback
method with no pump power. An CCF was spliced with a
single mode fiber by a mechanical splicer for transmission
loss measurement. The total loss was measured 0.23 dB/cm at
1400-nm.

Fig. 7 shows the measured net gain as a function of pumping
power of the CCFs for different core diameters of 19, 20, 25,
and 25 μm, and fiber lengths of 18, 8, 34, 24 cm, with different
coating and annealing conditions at a wavelength of 1400-nm, as
listed in Table III. The net gains of 6.4-dB [8] and 11-dB [12] on
the 24 and 34 cm lengths of the samples A and B were measured
with and without coating and annealing, respectively. In compar-
ison to the samples B and D, the 55% (a) - (b) Sample B with BTB
and pump 500 mW, respectively (c) - (d) Sample C with BTB
and pump 500 mW, respectively (e) - (f) Sample D with BTB and
pump 500 mW, respectively net gain improvement was mainly
achieved by further CE and PSCE improvement. This result
confirms that optimization of the Cr4+ concentrations for the
CCFs by small core diameter, which provides the significant gain
improvement. The noise figure (NF) of fiber amplifiers is defined
as the noise factor in dB, NF = 10 log (SNRin / SNRout), where

Fig. 7. Net gain as a function of pumping power of CCFs.

TABLE III
EFFECTS PROVIDED BY DIFFERENT TREATMENT CONDITIONS

the SNRin and SNRout are the input and output signal-to-noise
ratios, respectively [21]. For the NF measurement, we used the
same setup like for the gain measurement and added a digital
serial analyzer (Tektronix DSA8300), measuring the input and
the output optical powers, converted to electrical signals by a
photodetector, and the resulting the signal-to-noise ratios of the
CCF.

Fig. 8 shows the measured NF as a function of pumping power
of the CCFs for different core diameters of 19, 20, and 25 μm
with input signal power of 0.3 mW, as listed in Table III. The
measured noise figures were from 4.2-dB to 10.3-dB for different
core diameter of CCFs. The noise figure of Table III clearly
showed that the smaller core of 19-μm exhibits a 4.2-dB lower
noise figure than the larger core of 25-μm. In optical commu-
nication systems, there is a trade-off relationship between the
fiber gain and noise figure of the fiber amplifier. Typically, when
the gain of the optical amplifier is higher, its noise figure is also
higher.
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Fig. 8. Noise figure as a function of pumping power of CCFs.

Fig. 9. The measured eye diagrams of different CCFs. (a), (b) Sample B with
BTB and pump 500 mW, respectively. (c), (d) Sample C with BTB and pump
500 mW, respectively. (e), (f) Sample D with BTB and pump 500 mW,
respectively.

In order to characterize the performance of CCFs in fiber
transmission, a 10-Gb/s data rate with bit-error rate (BER) test-
ing system is employed to investigate the performance of long-
haul optical fiber transmission over 10-km with an attenuation
of 1.8-dB. A 1400 nm signal transmitter optical sub-assembly
(TOSA) and a 1064 nm pumping source were adopted in the
measurement. A non-return-to-zero (NRZ) electrical 10-Gb/s
pseudo random binary sequence with pattern length of 231-1
was generated by pulse pattern generator sending into a Mach-
Zenhder modulator and then creating 10-Gb/s optical data. After
receiving from a high-speed photo-detector to convert electrical
signal, eye diagram and BER were obtained from a sampling
oscilloscope with an electrical bandwidth of 10 GHz and error
detector system. Eye diagram was constructed by generating
a pseudorandom pattern of zeros and ones at a uniform rate
but at a random fashion. When such pulses are superimposed
upon each other simultaneously an eye pattern will be formed.
The measured BER with different core diameter of CCFs at
pumping 500-mW were 1.0 × 10−8, 6.1 × 10−9, and 2.0 ×
10−9 for samples B, C, and D, respectively, as listed in Table III.
These results showed the clear eye openings without waveform
distortion in these eye patterns, as shown in Fig. 9.

IV. CONCLUSION

In summary, we have demonstrated a record net gain of 17-dB
in a 19-μm fiber core for 300-nm broadband CCFs employing

LHPG and Cr4+ optimization. The gain-per-unit- length of the
CCF was about 94 dB/m, which was higher than the currently
achieved Er and Bi-doped fibers of 0.6–3 dB/m [4], [7]. A novel
accurate control to constantly maintain conical molten-zone
shape in the LHPG process was proposed to fabricate a small
fiber core of 19-μm. The Cr4+ concentrations optimization of
the Cr:YAG was obtained by a thicker dielectric coating, thermal
annealing, and polarization pumping were measured. The Cr4+-
ions optimization was the divalent cation of Ca2+ evaluation for
the charge compensator in the Cr:YAG to increase the Cr4+

during coating [12], [13], and Cr4+(tetra)-ions concentration
recovery from the Cr3+(octa) -ions in the Cr:YAG fiber during
annealing [14], [15]. With an optical-fiber system testing of the
CCF, a 10-Gb/s data rate with BER testing system was displayed
by realizing the fiber transmission of signal with gain through
the CCFs.

This breakthrough in the CCF technology could have far-
reaching implications in a variety of industries, from telecom-
munications to sensing and medical devices. The achievement in
fabrication of CCFs with high Cr4+ fluorescence makes it possi-
ble to develop the CCF as a broadband light source for ultrahigh
resolution optical coherence tomography (OCT) and ultrafast
mode-locked fiber laser. By enabling higher gains and better
signal-to-noise ratios, the CCFs may revolutionize the way we
communicate and gather information. With continued research
and development, the CCFs may prove to be a valuable tool for
advancing technology used in the next-generation broadband
fiber amplifiers.
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