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f}uj (1)This paper (report, thesis) presents data collected during a two-year survey of X.

(2) A numeric method is reported for solving the symmetric matrix eigenvalue problem.
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e ?iEd N o mF R ped 3 2 BEES ¥ # % study, investigation, experiment -

f}uj (1) In this study (investigation, experiment), a survey of X was conducted.

(2) Samples of neat solid trapped in excess ice were subjected to laser power of 10 W.
2ARBREHZXFL P22 R — A3 PR RTEE

] : The multilayers graphene were grown by chemical vapor deposition on subtract.
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] :The scores of subjects who received a program were higher than the scores of the other

two groups.

445 4 & S ;éa?/f&& » 13T R IR AN~ 8RB $5 3 4e may, should, could

] (1) The experlmental results show the important devices in current optical components.

(2)The strong seasonal fluctuations of CO, may explain variations in base-cation
concentrations.



f /1:Polarization I\/Iaintaining Fiber
(7 7t FE4F -6 &): PANDA Fiber( - /& =6 &)

PR
(Panda
Fiber)

Fast axis

Bt RIFRERE é‘**"%%f’*iﬂi -
ﬁ%#m}%q’




B O BERERREQ)

National ChungHsing University

A New Scheme of Oriented Hyperboloid Microlens for

Passive Alignment Lasers to Polarization Maintaining Fibers

Wen-Hsuan Hsieh, Chun-Nien Liu, Student Member, IEEE, Student Member, OSA, Yi-Chung Huang, Member, IEEE, Member, OSA, Cheng-An Hsu, Shih-Chin Lei,
Yi-Cheng Hsu, Ying-Chien Tsai, Che-Hsin Lin, Chin-Ping Yu, and Wood-Hi Cheng, Fellow, IEEE, OSA, J Lightwave Technol. 33, Oct. 4187 (2015).

Abstract—!A new scheme of oriented-hyperboloid microlens (OHM) with passive alignment
to achieve high polarized extinction ratio (PER) is proposed and demonstrated for high
efficiency coupling of high-power 980 nm pump lasers to polarization maintaining fibers
(PMFs). 2Using an automatic grinding machine and a charge-coupled-device to precisely
control and attain the required minor radius of curvature 4-4.8 um, offset within 0.7 um,
and axis orientation accuracyt1, 3the OHM exhibited a high-average PER of 31.7 dB, and a
high-average coupling efficiency of 83.4%. °For a 30 dB PER, the angular misalignment
tolerance of the OHM was measured to be 12°. “The unique advantage of the proposed
OHM is passive alignment to achieve high PER by only aligning the OHM endface of the
fast axis parallel to the axis of laser polarization. “This newly developed OHM with unique
passive alignment to achieve high polarization is beneficial for the applications of laser/PMF
modules where mode polarization and high coupling efficiency are required for use in high
precision fiber optic gyroscopes as well as many low-cost and high-performance lightwave
interconnection applications.
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Stable mode-locked fiber laser based on CVD fabricated graphene saturable absorber

Pi Ling Huang,! Shau-Ching Lin,! Chao-Yung Yeh,? Hsin-Hui Kuo?, Shr-Hau Huang?

Gong-Ru Lin,* Lain-Jong Li,®> Ching-Yuan Su,® and Wood-Hi Cheng'*

30 January 2012, Vol. 20, No.3, 2460 OPTICS EXPRESS(#; © #£ 3! * 157=t)
Abstract: 'A stable mode-locked fiber laser (MLFL) employing multi-layer graphene as
saturable absorber (SA) is presented. °The multi-layer graphene were grown by chemical
vapor deposition (CVD) on Ni close to A-A stacking. 3Linear absorbance spectrum of multi-
layer graphene was observed without absorption peak from 400 to 2000 nm. 'Optical
nonlinearities of different atomic-layers (7-, 11-, 14-, and 21- layers) graphene based SA are
investigated and compared. *The results found that the thicker 21-layer graphene based SA
exhibited a smaller modulation depth (MD) value of 2.93% due to more available density of
states in the band structure of multi-layer graphene and favored SA nonlinearity.?A stable
MLFL of 21-layer graphene based SA showed a pulsewidth of 432.47 fs, a bandwidth of 6.16
nm, and a time-bandwidth product (TBP) of 0.323 at fundamental soliton-like operation.
“This study demonstrates that the atomic-layer structure of graphene from CVD process
may provide a reliable graphene based SA for stable soliton-like pulse formation of the
MLFL.
(VP rGm=> Fo P en) RERAES ~ ()P 2 FEEL S > Q) F FEEL - ()%
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%] :The organization of this paper is as follows. Section 2
presents the basic analysis. In section 3, experimental results are

presented. The conclusion of the paper is stated in the last
section.
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I. INTRODUCTION (JLT)
'POLARIZATION maintaining fibers (PMFs) with a double refractive index are single-mode fibers
which exhibit good maintenance of linearly polarized light [1]. ‘The PMFs are used in special
applications required for preserving polarization properties, such as fiber optic sensing,
interferometry, and high- standard lightwave interconnection applications. 'They are also
commonly used in fiber optic gyroscopes for the connection between a high-power 980 nm pump
lasers coupled to a modulator via PMFs, since the modulator requires polarized light as input
source. 'The PMFs are called polarization preserving because they allow for the preservation and
control of the mode polarization state. ‘Therefore, an accurate alignment between pump lasers and
PMFs to achieve high coupling efficiency is important to the development of high-performance
pump laser modules.

’To achieve a high-coupling pump laser module, a common approach is fabricating the tip of
single-mode fiber (SMF) as an asymmetric microlens for direct coupling. “Several asymmetric
microlens structures for coupling to high-power 980 nm pump laser diodes have been demonstrated,
such as up-tapered wedge- shaped fibers [2], asymmetric hyperbolic fiber microlenses [3]- [5],
anamorphic lenses [6], wedge-shaped fibers [7]-[9], QPSM [10], CWSM [11], AECSM [12],
DVCM [13], and HM [14]. 3Despite numerous studies of fiber microlenses for efficient coupling
[2]-[14], only limited information is available regarding the accurate positioning necessary for
controlling the state of mode polarization for PMFs used in high-performance laser modules.
LA e R e 2 RPAA R R+ 8 55 3Ry 2 Resd
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“In this study, a new scheme of oriented-hyperboloid-microlens (OHM) employing automatic
grinding and accurate positioning to achieve both high-average coupling and polarized
extinction ratio (PER) for high-power 980 nm pump lasers coupled to PMFs is proposed. The
PMF exhibits the circular stress-applying parts (SAP) and is often referred to as the panda
fiber, as shown in Fig. 1. ®Using an automatic grinding machine and a charge-coupled-device
(CCD) to precisely control and attain the required minor radius of curvature, small offset, and
axis orientation, the OHMs can achieve both high-average coupling efficiency and PER. °The
advantage of orientation-dependent OHMs is that the OHM endface of the fast axis can be
visually observed and then passively aligned to the axis of the laser polarization direction.
>This is in contrast to other conventional lasers coupled to PMFs [3], which may require
complicated and active alignment to control the state of mode polarization. >This study
demonstrates that the unigue OHM structure employing automatic grinding and accurate
positioning techniques enables passive alignment to achieve high PER for lasers coupling into
PMFs. >Therefore, the proposed OHM may be suitable for use in high-precision and high-
performance fiber-optic gyroscope systems and other lightwave interconnection applications.

5The rest of this paper is organized as follows. Section Il describes the fabrication of OHMs.
The measurements and results are presented in Section Ill. A discussion and brief summary
are given in Section V.

AP P GEm Fo P ) RAEN SIFHPHFRAES 6.H> ERFHF RS
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1. Introduction (OE)

tUIltrafast lasers possess several applications, such as optical fiber communications, ultrafast probing,
nonlinear microscopy, optical coherent tomography, and frequency comb generation [1-2]. A passively
mode-locked erbium-doped fiber laser (MLEDFL) is able to generate pulses ranging from picosecond
(ps) to femtosecond (fs). ‘The pulse producing mechanism is initiated from noise filtering by saturable
absorber (SA) with nonlinear absorption properties [3]. 'The SA widely used in passive mode-locked
lasers is semiconductor saturable absorber mirror (SESAM). However, the drawbacks of SESAM are
cost-ineffective and a time-consuming fabricated process. 2Recently, single-wall carbon nanotubes
(SWCNTs) of 1D and graphene of 2D carbon allotrope have been noticed due to their large optical
nonlinearity and low saturation intensity [4-7]. °The first passive mode-locked fiber laser (MLFL) based
on SWCNT-SA was reported by S. Y. Set et al. in 2003 [8]. °Recently, the atomic layer graphene as SA
for ultrafast pulsed lasers were also demonstrated by Q. Bao et al. [9-12]. 2Graphene has excellent optical
properties, such as optically visualized, high transparency, and linear absorption. 2It also has ultra-fast
relaxation time and the SA is not limited by band gap because of its point band gap structure. 'Therefore,
graphene can be used as fast SA with wide spectral operated range [13-16]. 2However, mono-atomic layer
graphene have relatively high nonlinearity that makes a laser cavity not easy to form a stable soliton pulse
[9]. ?In our nonlinear optical transmission experiments, we recognized that in addition to saturable
absorption, the inverse saturation absorption (ISA) could also be formed at a higher intensity level. 2The
ISA could be caused by two photon absorption (TPA) which was similar to the phenomena reported in the
SESAM SA[17].?The ISA from a thinner layer graphene could destroy the stability of the mode locked

LA T E R AN, 29 R ff® RSN Rbn+ N Ed 5
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pulse formation. 2Consequently, a thicker layer of graphene with less nonlinearity was
identified as the mode locker to reduce the TPA and suppress the ISA. ?Furthermore, atomic-
layer graphene showed high nonlinear absorption which implied high nonlinear dispersion
from Kramers-Kronig relationship. “Total dispersion was contributed from all the optical
elements in the cavity including linear and nonlinear dispersion [9, 18-19]. The nonlinear
dispersion, such as self phase modulation (SPM) was contributed from SMF and high-order
dispersion of graphene. ?The total nonlinear dispersion inside the laser cavity could be
compensated by anomalous linear dispersion from SMF to generate stable soliton pulses [9].

3In this study, optical nonlinearities of different atomic-layers (7-, 11-, 14-, and 21- layers)
graphene based SA are investigated and compared. It was found that the thicker 21-layer
graphene based SA exhibited a small MD value of 2.93%. “Compared with the thinner 7-, 11-,
and 14- layers, the results showed that a better stable MLFL with the thicker 21-layer
graphene based SA exhibited a pulsewidth of 432.47 fs, a bandwidth of 6.16 nm, and a time-
bandwidth product (TBP) of 0.323 at fundamental soliton-like operation. °This study
demonstrates that the atomic-layer structure of graphene from CVD process may provide a
reliable graphene based SA for stable soliton-like pulse formation of the MLFL.
2.¢1§%3~}é§:mé.i“,ﬁ’é.%éls“é"s‘§-i O3B MFLERAN, AFT P H(FE L Ee
Pen)iEd 38, 5.5 P HRR AN, 6.5 .é&,gk###.:%é % 42> (Letter) » A78 p &4
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E - . &=

IR KAy Y2 i FHPEE: - B2 XFFRFER > 93
P AL 18 * IR B3N o B Atwin-lens reflex camera is actually a combination of
two separate camera boxes.

FHAEPMZEHTFIFT LR SAIPFLERTEL N o b]: The samples
were held by special Al tabs covered with sandpaper.

2RHECRHE~HI W) MEF T RHERL ¢ FHEEH - H 3 e
‘Fﬂif’f—‘ﬁﬁ—iﬁﬂi‘ BW O FERP ORI N

#: (1) The experiment was conducted at a large university in the Midwest.
(2) The 72 subjects were randomly divided into three groups.

. ER ~WEAAP ~ERF LI ahEREFZ D E¥NRAZFAL 32
23 B RR CWMEASRPLN > BLIIP R EEFEEL
¥R TG GHARAS

#]: (1) The variation in the temperature of the samples over time is shown

In Figure 1.
(2) Figure 1 shows the variation in the temperature of samples over

time. ’
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v . Figure 1 shows the linearly polarized distribution
of light through the OHM and cleaved end PMF.
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¥ The scores of subjects who received a program
were higher than the scores of the other two groups.
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DISCUSSION AND CONCLUSION (JLT)

LIn summary, a novel OHM employing automatic grinding and CCD accurate positioning for passive alignment, which
can achieve high PER and efficient coupling of high-power 980 nm pump lasers into PMFs, has been proposed and
demonstrated. 'Results showed that the OHMs enabled precisely control and attain the required minor radius of
curvature at 4-4.8 um, offset within 0.7 um, and axis orientation #1°, for achieving a high- average coupling efficiency
of 83.4% and a high-average PER of 31.7 dB from lasers coupling into PMFs. 'The fabricated axis orientation
accuracy of the OHM was +1°, which was less than the alignment tolerance of +2° required to achieve a high PER of
30 dB. “This indicates that the OHM endface of the fast axis can be visually observed and passively aligned to the axis
of the laser polarization direction. °The unique advantage of OHM is that OHM can be easily used for passive
alignment to achieve high polarization of laser. ?This is in contrast to other conventional lasers coupled to PMFs,
which may require complicated and active alignment to control the state of mode polarization. ?In addition, the
proposed OHM can be also applied to other types of laser diodes, such as high-power 1480 nm laser diode, by suitable
designing of the minor radius of curvature of the OHM to match the laser mode.

“The practical packaging of the OHM is based on the butterfly- type laser module in reference [17]. “Before the gripper
clamping the OHM fiber ferrule, the ferrule should be adjusted such that the fast axis of the OHM, as shown in Fig. 3,
is in the horizontal direction. “All the other packaging procedures are similar to that of the butterfly-type laser modules
[17]. 2This novel design, fully automatic fabrication, and excellent performance of the OHM makes the proposed
OHMs potentially attractive for uses in high precision fiber optic gyroscopes as well as many high-performance and
low-cost lightwave interconnection applications.

26
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4. Conclusion (OE)

In summary, the 7-, 11-, 14- and 21- layers graphene based SA with different SMF fiber lengths
for the generation of ultrafast laser pulse were comprehensively studied and compared. 21t was
found that the thinner 7-, 11- and 14- layers of graphene based SA had difficulty in forming a
stable soliton-like pulse unless extra SMFs were added. °The reason was the thinner layer
graphene samples exhibited relatively high MD with ISA made it difficult for a laser cavity to
form a stable soliton pulse and needed additional length of SMF to compensate the dispersion. 2In
comparison with the thicker 21-layer graphene as SA, a stable mode locking pulse train was easier
to establish. 2This might be due to more available density of states in the band structure of
stacking-layer graphene than the thinner layer and favored nonlinear optics control of graphene
inside the laser cavity.

'The results showed that the optical nonlinearity of the thick 21-layer graphene based SA
exhibited a smaller MD value of 2.93% and a higher saturation intensity of 53.25 MW/cm?. A
stable MLFL of 21-layer graphene based SA showed a pulsewidth of 432.47 fs, a bandwidth of
6.16 nm, and a TBP of 0.323 at fundamental soliton-like operation. This study demonstrated that
the atomic-layer structure of graphene from a CVD process provided a reliable graphene based
SA for stable soliton-like pulse formation of the MLFL.
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A New Scheme of Oriented Hyperboloid Microlens for
Passive Alignment Lasers to Polarization Maintaining Fibers

FE BHEY st

Abstract—!A new scheme of oriented-hyperboloid microlens (OHM) with passive alignment
to achieve high polarized extinction ratio (PER) is proposed and demonstrated high
efficiency coupling of high-power 980 nm pump lasers to polarization maintaining fibers
(PMFs). 2Using an automatic grinding machine and a charge-coupled-device to precisely
control and attain the required minor radius of curvature 4-4.8 um, offset within 0.7 gm,
and axis orientation accuracyz1°, 3the OHM exhibited a high-average PER of 31.7 dB, and
a high-average coupling efficiency of 83.4%. 3For a 30 dB PER, the angular misalignment
tolerance of the OHM was measured to be +£2°. “The unique advantage of the proposed
OHM is passive alignment to achieve high PER by only aligning the OHM endface of the
fast axis parallel to the axis of laser polarization. >This newly developed OHM with unique
passive alignment to achieve high polarization is beneficial for the applications of laser/PMF
modules where mode polarization and high coupling efficiency are required for use in high
precision fiber optic gyroscopes as well as many low-cost and high-performance lightwave
interconnection applications.
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IPOLARIZATION maintaining fibers (PMFs) with a double refractive index are single-mode fibers which exhibit good maintenance of
linearly polarized light [1]. The PMFs are used in special applications required for preserving polarization properties, such as fiber optic
sensing, interferometry, and high- standard lightwave interconnection applications. They are also commonly used in fiber optic gyroscopes
for the connection be- tween a high-power 980 nm pump lasers coupled to a modulator via PMFs, since the modulator requires polarized
light as input source. The PMFs are called polarization preserving because they allow for the preservation and control of the mode polar-
ization state. 'Therefore, an accurate alignment between pump lasers and PMFs to achieve high coupling efficiency is important to the
development of high-performance pump laser modules.

2To achieve a high-coupling pump laser module, a common approach is fabricating the tip of single-mode fiber (SMF) as an asymmetric
microlens for direct coupling. Several asymmetric microlens structures for coupling to high-power 980 nm pump laser diodes have been
demonstrated, such as up-tapered wedge- shaped fibers [2], asymmetric hyperbolic fiber microlenses [3]- [5], anamorphic lenses [6], wedge-
shaped fibers [7]-[9], QPSM [10], CWSM [11], AECSM [12], DVCM [13], and HM [14]. 3Despite numerous studies of fiber microlenses for
efficient coupling [2]-[14], only limited information is available regarding the accurate positioning necessary for controlling the state of
mode polarization for PMFs used in high-performance laser modules.

4In this study, a new scheme of oriented-hyperboloid-microlens (OHM) employing automatic grinding and accurate positioning to achieve
both high-average coupling and polarized extinction ratio (PER) for high-power 980 nm pump lasers coupled to PMF is proposed. The PMF
exhibits the circular stress-applying parts (SAP) and is often referred to as the panda fiber, as shown in Fig. 1. 3Using an automatic grinding
machine and a charge-coupled-device (CCD) to precisely control and attain the required minor radius of curvature, small offset, and
axis orientation, the OHMs can achieve both high-average coupling efficiency and PER. ®The advantage of orientation-dependent
OHMs is that the OHM endface of the fast axis can be visually observed and then passively aligned to the axis of the laser
polarization direction. *This is in contrast to other conventional lasers coupled to PMFs [3], which may require complicated and
active alignment to control the state of mode polarization. °This study demonstrates that the unique OHM structure employing
automatic grinding and accurate positioning techniques enables passive alignment to achieve high PER for lasers coupling into
PMFs. 5Therefore, the proposed OHM may be suitable for wuse in high-precision and high-performance fiber-optic gyroscope
systems and other lightwave interconnection applications.

6The rest of this paper is organized as follows. Section Il de- scribes the fabrication of OHMSs. The measurements and results are presented
in Section I11. A discussion and brief summary are given in Section 1V,
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DISCUSSION AND CONCLUSION
TIn summary, a novel OHM employing automatic grinding and CCD accurate positioning for passive alignment,
which can achieve high PER and efficient coupling of high-power 980 nm pump lasers into PMFs, has been
proposed and demonstrated. 'Results showed that the OHMs enabled precisely control and attain the required
minor radius of curvature at 4-4.8 um, offset within 0.7 um, and axis orientation #1°, for achieving a high-
average coupling efficiency of 83.4% and a high-average PER of 31.7 dB from lasers coupling into PMFs. 'The
fabricated axis orientation accuracy of the OHM was +1°, which was less than the alignment tolerance of +2°
required to achieve a high PER of 30 dB. 2This indicates that the OHM endface of the fast axis can be visually
observed and passively aligned to the axis of the laser polarization direction. 2The unique advantage of OHM is
that OHM can be easily used for passive alignment to achieve high polarization of laser. This is in contrast to
other conventional lasers coupled to PMFs, which may require complicated and active alignment to control the
state of mode polarization. 2In addition, the proposed OHM can be also applied to other types of laser diodes, such
as high-power 1480 nm laser diode, by suitable designing of the minor radius of curvature of the OHM to match
the laser mode.

1The practical packaging of the OHM is based on the butterfly- type laser module in reference [17]. Before the gripper
clamping the OHM fiber ferrule, the ferrule should be adjusted such that the fast axis of the OHM, as shown in Fig. 3, is
in the horizontal direction. 2All the other packaging procedures are similar to that of the butterfly-type laser modules
[17]. 2This novel design, fully automatic fabrication, and excellent performance of the OHM makes the proposed OHMs
potentially attractive for uses in high precision fiber optic gyroscopes as well as many high-performance and low-cost
lightwave interconnection applications.
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1.The exact mechanism of laser noise Is iImportant

and is currently under investigation.

2.The exact mechanism of laser noise Is important
and will be pursued In a separate study.

3.The exact mechanism of laser noise Is uncertain
and needs to be investigated further.
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Based on the current-voltage characteristics of the Sl
layer, it Is believed that at high-bias current the
applied voltage to the Sl layer is In the transition
region. Clearly, detailed knowledge pertaining to the
transition from the Ohmic to the SCL regime Is
Important and will be pursued In a separate study:.
Nevertheless, dc leakage current can be reduced by
Increasing the thickness of the Sl layer and Dby
decreasing the area of the Sl layer to which voltage is
applied. This leads to the observed improvement In
the modulation bandwidth.(1987 APL, Reference 3)
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Abstract—!A new scheme of oriented-hyperboloid microlens
(OHM) with passive alignment to achieve high polarized extinc-
tion ratio (PER) is proposed and demonstrated high efficiency
coupling of high-power 980 nm pump lasers to polarization main-
taining fibers (PMFs). 2Using an automatic grinding machine and a
charge-coupled-device to precisely control and attain the required
minor radius of curvature 4-4.8 um, offset within 0.7 gm, and axis
orientation accuracy +1°, the OHM exhibited a high-average PER
of 31.7 dB, and a high-average coupling efficiency of 83.4%. For a
30 dB PER, the angular misalignment tolerance of the OHM was
measured to be +2°. “The unique advantage of the proposed OHM
is passive alignment to achieve high PER by only aligning the OHM
endface of the fast axis parallel to the axis of laser polarization. 5This
newly developed OHM with unique passive alignment to achieve
high polarization is beneficial for the applications of laser/PMF
modules where mode polarization and high coupling efficiency are
required for use in high precision fiber optic gyroscopes as well as
many low-cost and high-performance lightwave interconnection
applications.

Index Terms—Passive alignment polarization-maintaining fiber,
oriented hyperboloid microlens, fiber optic gyroscope.
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I. INTRODUCTION
!OLARIZATION maintaining fibers (PMFs) with a dou-

ble refractive index are single-mode fibers which exhibit
good maintenance of linearly polarized light [1]. ‘The PMFs
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are used in special applications required for preserving
polarization properties, such as fiber optic sensing,
interferometry, and high- standard lightwave interconnection
applications. They are also commonly used in fiber optic
gyroscopes for the connection be- tween a high-power 980 nm
pump lasers coupled to a modulator via PMFs, since the
modulator requires polarized light as input source. The PMFs
are called polarization preserving because they allow for the
preservation and control of the mode polar- ization state.
Therefore, an accurate alignment between pump lasers and
PMFs to achieve high coupling efficiency is important to the
development of high-performance pump laser modules.

2To achieve a high-coupling pump laser module, a common
approach is fabricating the tip of single-mode fiber (SMF) as
an asymmetric microlens for direct coupling. 2Several
asymmetric microlens structures for coupling to high-power
980 nm pump laser diodes have been demonstrated, such as up-
tapered wedge- shaped fibers [2], asymmetric hyperbolic fiber
microlenses [3]- [5], anamorphic lenses [6], wedge-shaped
fibers [7]-[9], QPSM [10], CWSM [11], AECSM [12],
DVCM [13], and HM  [14]. ®Despite numerous studies of
fiber microlenses for efficient cou- pling [2]-[14], only
limited information is available regarding the accurate
positioning necessary for controlling the state of mode
polarization for PMFs used in high-performance laser
modules.

“In this study, a new scheme of oriented-hyperboloid-
microlens (OHM) employing automatic grinding and
accurate positioning to achieve both high-average coupling
and polar- ized extinction ratio (PER) for high-power 980 nm
pump lasers coupled to PMFs is proposed. The PMF exhibits
the circular stress-applying parts (SAP) and is often referred to
as the panda fiber, as shown in Fig. 1. 3Using an automatic
grinding machine and a charge-coupled-device (CCD) to
precisely control and at tain the required minor radius of
curvature, small offset, and axis orientation, the OHMSs can
achieve both high-average coupling efficiency and PER. °The
advantage of orientation-dependent OHMs is that the OHM
endface of the fast axis can be visu ally observed and then
passively aligned to the axis of the laser polarization
direction. ®This is in contrast to other conventional lasers
coupled to PMFs [3], which may require complicated and
active alignment to control the state of mode polarization.
SThis study demonstrates that the unique OHM structure
employing automatic grinding and accurate positioning
techniques enables passive alignment to achieve high PER for
lasers coupling into PMFs. ®Therefore, the proposed OHM
may be suitable for use
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Fig. 1. A cleaved end-face of PMF. The PMF is referred to as a panda fiber
with circular SAP.

in high-precision and high-performance fiber-optic gyroscope
systems and other lightwave interconnection applications.

®The rest of this paper is organized as follows. Section Il
de- scribes the fabrication of OHMSs. The measurements and
results are presented in Section Ill. A discussion and brief
summary are given in Section IV.
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Il. FABRICATION OF ORIENTED HYPERBOLOID MICROLENS
(OHM)

LA single mode 980 nm pump laser from Axcel Photonics
[14] was used for the coupling evaluation. The laser diode was
coated at the rear facet with a high reflectivity of 95%, and
coated at the front facet with an antireflection of 2.5%.
These 980 nm high-power lasers typically have far-field
divergence angles of 7° (horizontal) x 26° (vertical), with the
relative beam waist radius of 3 and 0.8 um, respectively. The
far-field divergence angle was specified as a full angle at the
1/e? maximum of the far-field intensity distribution. ?The 980
nm laser-to-fiber coupling model was based on the diffraction
theory [5], [15]. From the lasers to the OHM, the Fresnel
diffraction theory was used for beam propagation through free
space. At the lens tip, a phase delay caused by the OHM was
added to the laser mode field. In this paper, the ideal curvature
radii of Ry in fast axis and Ry in slow axis were designed to be

50.6 and 4.14 um, respectively. “Based on Preston’s equation
[16], the material removal rate of the fiber tip was
proportional to the grinding pressure and the relative velocity
between a fiber and a grinding film. Therefore, the material
removed from the fiber tip increased as the grinding pressure
applied on the fiber increased while the other param- eters
were kept constant. 2As shown in Fig. 2, the fiber grinder
employed to fabricate the OHM was designed as a three axis
grinding machine and a CCD alignment system. The grinding
pressure, the relative position over the axial, and radial axes
were controlled by the motorized linear vertical stage H with
an accuracy of +10 nm, the motorized cylinders with accuracy
6 of 0.058°, and the servo motor with accuracy ® of 0.036°,
respectively. These three tolerances were electrically and inde-
pendently programmed for control, and the fabrication process
was fully automated after the initial setting. In addition, a CCD
alignment was used to position the PMF relative to its SAP such
that the OHM was orientation-dependent.

1The PMFs adopted in this study were Fujikura SM98-PS-

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 33, NO. 20, OCTOBER 15, 2015
U25A, as shown in Fig. 1. The mode-field diameter and core-

cladding concentricity error were 6.6 and 0.7 um, respectively.

Fig. 2. Schematic diagram of controlled variables of servo motor (®), motor-
ized cylinders (0), vertical stage (H), and CCD alignment.

Fast Axis

® CCD alignment

1

Slow Axis
v f
! [—]
1

SAP
Core

Fig. 3. Schematic diagram of PMF by CCD alignment.

The polarization crosstalk was 30 dB/100m. 2The OHM was
fabricated by grinding a cleaved fiber in a single step. The
highest and lowest positions of H were controlled to produce
two maximum and two minimum grinding pressures while 6
was kept constant at 45°. First, we positioned the core and
SAPs of PMF in alignment at ® = 0° (slow axis) by CCD, as
shown in Fig. 3. After grinding, the long (fast) and short
(slow) axes of the approximated elliptical cone were formed at
® = 0° and 90°, respectively, as shown in Fig. 4. In order to
fabricate an OHM shape, it is necessary to vary the height of H
(and therefore applied pressure) until the endface was gradually
ground sharp, as shown in Fig. 5(a)—(f). “After this single-step
grinding fabrication, the radius of curvature, offset of OHMs,
and orientation accuracy of the microlens were measured at
between 3.4-3.5 um, 0.1-0.7 um, and +1°, respectively. After
the grinding process, the surface of the OHMSs were still rough.
Aslight arc fusion process was applied to reshape and smoothen
the fabricated OHM surface.

3A fiber fusion machine, Fujikura 40S, was employed to con
trolthe electrode probe and to form the microlens on the fiber
tip, as shown in Fig. 6. The electrode arc fused the fiber tip
and increased the radius of curvature of OHM. By employing
a fine fusing process, the minor radius of curvature was well
controlled within 4-4.8 um which was close to the ideal shape.
¥The OHM samples in this work meet high-average coupling
efficiency, correlated to an offset less than 0.7 um and a small
radius of curvature ranging from 4-4.8 um. The fiber was
ground and fused to form the slow axis, fast axis, and endface
of the OHM, as shown in Fig. 7(a)—(c), respectively.
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STy
Grinding Film

Fig. 4.  Fabrication process of OHM.
Fig 5. Gradual grinding process in fabrication of OHM.

Fig. 6. Fusing process in fiber fusion machine.
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I1l. MEASUREMENTS AND RESULTS

Thirty OHMs were fabricated by single-step grinding and a
fine fusing process. The radius of curvature and offset of these
samples were measured between 4-4.8 um and 0.1-0.7 um, re-
spectively. In order to characterize the quality of their polarized

4189

Fig. 7. Optical photons of OHM after grinding and fusion processes in (a)
fast axis, (b) slow axis, and (c)endface.

Fast axis
4

Laser diode

=

Fig. 8.  Schematic setup of PER measurement.
180
—s— Cleaved PMF:35.54dB
150 F - o - OHM:33.06dB
3 120 ' o
£ w}
z.‘
<
E of
30
0pF >
60 120 180 240 300 360
Rotation angle ¢ (deg)
Fig. 9. Linearly polarized distribution of OHM and cleaved PMF.

beam, their PER was measured. A high-power 980 nm pump
laser diode was connected to an output collimator and laser
light was passed through via the OHM into the PMF. The output
power of the PMF through a polarizer was then measured by a
power-meter and the polarized distribution was obtained. “We
defined the slow axis of PMF as ¢ = 0" and measured output
power at each 10° from 0° to 360° clockwise, as shown in Fig. 8.
For comparison, a cleaved-end PMF was produced in the same
experimental structure and similarly measured. *Fig. 9 shows
the
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Fig. 10. Histogram of thirty measured PERs of the OHMs.
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Fig. 11. Histogram of thirty measured coupling efficiencies of the OHMs.

linearly polarized distribution of light through both the OHM-
PMF and the cleaved end PMF. The PERs were calculated at
about 35.54 and 33.06 dB for the cleaved PMF and OHM-PMF,
respectively, from the highest/lowest output power according to
10*log (PH/Py) and realized standard linearly polarized distri-
bution. The PER of OHM was smaller than the cleaved PMF.
Owing to the stress and thermal effects during the OHM fabri-
cation process, the SAP structure was slightly changed.

3A histogram of measured PERs for a total number of 30
OHM samples is shown in Fig. 10. ‘The best value for
measured PER was 33.6 dB, and the average PER was 31.7
dB. This result shows that the proposed OHMs maintain good
transmission quality for linearly polarized light. °Fig. 11
shows a histogram of measured coupling efficiencies from the
980 nm laser diodes into the OHMs for a total of 30
measurements. ‘The best value and average of measured
coupling efficiency were 85% and 83.4%, respectively. The
result indicates that the OHMs are suitable for use in high-
performance pump laser modules.

In a laser module, the misalignment tolerance of the OHMs
affected the coupling efficiency and polarization-maintaining
characteristic between laser diodes and PMFs. In order to char-
acterize the misalignment tolerance of the OHMs, we defined
the slow axis of PMF as ¢ = 0" and measured output power
for each 1° from 60° to 120°. 3Fig. 12 shows the normalized
coupling efficiencies as a function of the angular misalignment
tolerance from laser into the OHM. “The -3 dB coupling of
the

Normalized coupling efficiency (dB)

Fig. 13.
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angular misalignment tolerance was measured at +16° in the
fast axis. °Fig. 13 shows the PER as a function of the angular
misalignment tolerance. The measured 30 dB angular tolerance
of the OHM was £2° in the fast axis. The measured angular
misalignment tolerance of a 30 dB PER was more sensitive than
the 3 dB coupling, as indicated in Fig. 12. From Fig. 13, it was
clear that the axis orientation misalignment tolerance was +2°
for a 30 dB PER. 'The fabricated accuracy of the axis ori-
entation of OHM was +1° in Fig. 2, which was less than the
alignment requirement of £2° necessary to achieve a high PER
of 30 dB in Fig. 13. This indicates that the OHM endface of the
fast axis can be visually observed and then passively aligned
to the axis of the laser polarization direction. The 30 dB PER
was easily achieved for high polarization between laser and the
PMF by employing OHM. Therefore, the unique advantage of
the orientation-dependent OHM is passive alignment to achieve
high PER. 'This study uses automatic grinding and accurate
positioning to precisely and quantitatively control the required
minor radius of curvature and axis orientation, so that the OHMs
can achieve high-average PER and high-average coupling. The
high PER and high coupling attained by the proposed OHMs
greatly improve potential applications in high- precision fiber
optic gyroscopes as well as inertial navigation systems of guided
missiles and navigational applications.
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IV. DIscussION AND CONCLUSION

'In summary, a novel OHM employing automatic grinding
and CCD accurate positioning for passive alignment, which can
achieve high PER and efficient coupling of high-power 980 nm
pump lasers into PMFs, has been proposed and demonstrated.
'Results showed that the OHMSs enabled precisely control
and attain the required minor radius of curvature at 4-4.8 um,
offset within 0.7 um, and axis orientation +1°, for achieving a
high- average coupling efficiency of 83.4% and a high-
average PER of 31.7 dB from lasers coupling into PMFs. 'The
fabricated axis orientation accuracy of the OHM was +1°,
which was less than the alignment tolerance of £2° required to
achieve a high PER of 30 dB. 2This indicates that the OHM
endface of the fast axis can be visually observed and passively
aligned to the axis of the laser polarization direction. ‘The
unique advantage of OHM is that OHM can be easily used for
passive alignment to achieve high polarization of laser. This is
in contrast to other conventional lasers coupled to PMFs,
which may require complicated and active alignment to
control the state of mode polarization. “In addition, the
proposed OHM can be also applied to other types of laser
diodes, such as high-power 1480 nm laser diode, by suitable
designing of the minor radius of curvature of the OHM to
match the laser mode.

“The practical packaging of the OHM is based on the
butterfly- type laser module in reference [17]. Before the gripper
clamping the OHM fiber ferrule, the ferrule should be
adjusted such that the fast axis of the OHM, as shown in Fig.
3, is in the hori- zontal direction. All the other packaging
procedures are similar to that of the butterfly-type laser
modules [17]. “This novel design, fully automatic fabrication,
and excellent performance of the OHM makes the proposed
OHMs potentially attractive for uses in high precision fiber
optic gyroscopes as well as many high-performance and low-
costlightwave interconnection applications.
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Abstract: A stable mode-locked fiber laser (MLFL) employing multi-layer graphene as
saturable absorber (SA) is presented. 2The multi-layer graphene were grown by chemical
vapor deposition (CVD) on Ni close to A-A stacking. 3Linear absorbance spectrum of multi-
layer graphene was observed without absorption peak from 400 to 2000 nm. 'Optical
nonlinearities of different atomic-layers (7-, 11-, 14-, and 21- layers) graphene based SA are
investigated and compared. 3The results found that the thicker 21-layer graphene based SA
exhibited a smaller modulation depth (MD) value of 2.93% due to more available density of
states in the band structure of multi-layer graphene and favored SA nonlinearity. 3A stable
MLFL of 21-layer graphene based SA showed a pulsewidth of 432.47 fs, a bandwidth of 6.16
nm, and a time-bandwidth product (TBP) of 0.323 at fundamental soliton-like operation.
SThis study demonstrates that the atomic-layer structure of graphene from CVD process may
provide a reliable graphene based SA for stable soliton-like pulse formation of the MLFL.

©2011 Optical Society of America
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1. Introduction

tUltrafast lasers possess several applications, such as optical fiber communications, ultrafast
probing, nonlinear microscopy, optical coherent tomography, and frequency comb generation
[1-2]. A passively mode-locked erbium-doped fiber laser (MLEDFL) is able to generate
pulses ranging from picosecond (ps) to femtosecond (fs). The pulse producing mechanism is
initiated from noise filtering by saturable absorber (SA) with nonlinear absorption properties
[3]. ‘The SA widely used in passive mode-locked lasers is semiconductor saturable absorber
mirror (SESAM). 'However, the drawbacks of SESAM are cost-ineffective and a time-
consuming fabricated process. 2Recently, single-wall carbon nanotubes (SWCNTs) of 1D and
graphene of 2D carbon allotrope have been noticed due to their large optical nonlinearity and
low saturation intensity [4-7]. °The first passive mode-locked fiber laser (MLFL) based on
SWCNT-SA was reported by S. Y. Set et al. in 2003 [8]. °Recently, the atomic layer
graphene as SA for ultrafast pulsed lasers were also demonstrated by Q. Bao et al. [9-12].
!Graphene has excellent optical properties, such as optically visualized, high transparency,
and linear absorption. It also has ultra-fast relaxation time and the SA is not limited by band
gap because of its point band gap structure. 2Therefore, graphene can be used as fast SA with
wide spectral operated range [13-16]. *However, mono-atomic layer graphene have relatively
high nonlinearity that makes a laser cavity not easy to form a stable soliton pulse [9]. ®In our
nonlinear optical transmission experiments, we recognized that in addition to saturable
absorption, the inverse saturation absorption (ISA) could also be formed at a higher intensity
level. 3The ISA could be caused by two photon absorption (TPA) which was similar to the
phenomena reported in the SESAM SA [17]. 3The ISA from a thinner layer graphene could
destroy the stability of mode locked pulse formation. 3Consequently, a thicker layer of
graphene with less nonlinearity was identified as the mode locker to reduce the TPA and
suppress the ISA. 2Furthermore, atomic-layer graphene showed high nonlinear absorption
which implied high nonlinear dispersion from Kramers-Kronig relationship. 2Total dispersion
was contributed from all the optical elements in the cavity including linear and nonlinear
dispersion [9, 18-19]. ?The nonlinear dispersion, such as self phase modulation (SPM) was
contributed from SMF and high-order dispersion of graphene. 2The total nonlinear dispersion
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inside the laser cavity could be compensated by anomalous linear dispersion from SMF to
generate stable soliton pulses [9].

4In this study, optical nonlinearities of different atomic-layers (7-, 11-, 14-, and 21- layers)
graphene based SA are investigated and compared. °It was found that the thicker 21-layer
graphene based SA exhibited a small MD value of 2.93%.°Compared with the thinner 7-, 11-,
and 14- layers, the results showed that a better stable MLFL with the thicker 21-layer
graphene based SA exhibited a pulsewidth of 432.47 fs, a bandwidth of 6.16 nm, and a time-
bandwidth product (TBP) of 0.323 at fundamental soliton-like operation. °This study
demonstrates that the atomic-layer structure of graphene from CVD process may provide a
reliable graphene based SA for stable soliton-like pulse formation of the MLFL.
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2. Methods

Different layers of graphene were produced by using a CVD method [20-21]. ‘For the
CVD process of graphene on Ni substrate, the substrate structure of Ni(300 nm)/SiO2(300
nm)/Si was put on a quartz plate and then loaded into the center of a tubular furnace. ?The
chamber was evacuated to ~5 mTorr and the temperature was increased to 1000°C during the
process. 2Prior to growth, a pretreatment step was performed under a H2 atmosphere with 400
sccm flow at 2.8 Torr for 10 minutes. ?In the growth step, a gas mixture of methane and
hydrogen (CH4 = 80 sccm and Hz = 40 sccm) was introduced for 10 minutes. “The system
was then cooled down to room temperature to complete the growth. >To transfer the as-grown
graphene onto the substrate, the Ni substrate after the CVD growth was coated with a layer of
Poly (methyl methacrylate) (PMMA) by spinning-coating method, followed by baking at
90°C for 1 minute. Then the PMMA-caped Ni substrate was immerged into a diluted HCI
solution (HCI/Water = 1:3) for 20 minutes to etch away the Ni thin layer. 2The PMMA-caped
graphene film was floated on the solution surface, and then it was transferred to a deionized
(D) water to dilute and remove the etchant and residues. “The PMMA/graphene was
transferred to the receiving substrate and dried on a hot-plate. °The PMMA was removed by
warm acetone (90°C), and then the sample was rinsed with isopropyl alcohol and DI water.
To strip off the graphene film from the quartz substrate, the graphene was covered by an
aqueous solution of polyurethane (PVA). 2After water evaporation, graphene with a
supporting layer of PVA film was laminated from the quartz substrate. *The composite film
of graphene/PVA was then obtained.

’Figure 1 shows an all-fiber passive MLFL system. 3An 85 cm highly doped erbium fiber
(LIEKKITM Er80-4/125) was used as the gain medium. °It was pumped by a 980 nm diode
laser via a wavelength division multiplexer (WDM). 3The graphene films were inserted
between two FC/APC fiber connectors as a SA to generate the mode-lock pulses. An isolator
was employed to ensure the unidirectional operation, a polarization controller was utilized to



optimize mode-locking. *The emission light from EDF gain passed the graphene films then
fed back into ring laser with partial transmission by 40/60 output coupler. 3The 60% port was
connected to a 10/90 coupler for separating the laser output to optical spectrum analyzer,
power meter, autocorrelator, oscilloscope, and radio-frequency spectrum analyzer. “Figure 2
shows the photos of 7-, 11-, and 14- layers of the graphene samples, the dimension of the

quartz substrate are around 15 mm by 15 mm.
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Fig.1. Experimental setup of MLFL ring incorporating graphene SA. Fig. 2. Different layers of the graphene samples
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3. Results and discussions

The linear absorption spectra of various layers of graphene were measured and all traces
showed featureless from 400 to 1800 nm as theoretically expected [22]. *The linear
absorption spectrum of the 21-layer graphene was showed in Fig. 3. *The CVD-deposited
graphene was well-formatted close to A-A stacked structure. *Figure 3 (inset) plots the
Raman spectrum of graphene-PVA film with two typical Raman peaks G (~1580 cm™, line
width 24 cm?) and 2D (~2726 cm?, line width 63 cm™). The G-band was a doubly
degenerate phonon mode at the Brillouin zone (BZ) center that was Raman active for sp?-
hybridized carbon-carbon bonds in graphene. The 2D-band was originated from a double-
resonance process of crystalline graphite. The broaden line width of the 2D-band was mainly
due to the multi-layer stacks. An increase in the number of defects among graphene would
result in an increase of the D-band (~1350 cm™) intensity. In this case, the D-band was not
observed in the Raman spectrum, suggesting a low defect-level of graphene was prepared
[23-24].

The nonlinear transmission characteristics were measured using a SWCNT based SA
MLFL. The laser was operated at a central wavelength of 1558.88 nm with a repetition rate of
25.51 MHz and pulse duration of 483 fs. Through a broadband attenuator, the laser output
was able to provide intensity up to 80 MW/cm?. A coupler was connected after the attenuator
so that the output power levels with and without passing the SAs could be measured



simultaneously. The single-pass optical transmission then was derived [25]. “The MD of the
7-, 11-, 14- and 21- layers graphene based SA were measured at 3.98%, 3.50%, 3.28% and
2.93%, respectively. “The nonsaturable loss of the 7-, 11-, 14- and 21- layers graphene based
SA were also measured at 18.40%, 29.50%, 35.14% and 53.05%, respectively. °Figure 4
showed the nonlinear transmission characteristics of the 21-layer graphene SA.
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Fig. 3. Linear absorption spectrum and Raman spectrum (inset) with a 473 nm excitation laser of 21-layer graphene on PVA film. Fig. 4.

Nonlinear transmission of 21-layer SA.

The performance of MLFL using the 7-, 11-, 14- and 21- layers graphene based SA with
different SMF fiber lengths were investigated and compared. The thinner 7-, 11- and 14-
layers of graphene based SA were difficult to form a stable soliton-like pulse unless extra
SMFs were added. The reason is the thinner layer graphene samples have relatively high MD
that makes it difficult for a laser cavity to form a stable soliton pulse and it may need extra
SMF to compensate the dispersion. In comparison with the thicker 21-layer graphene as SA,
a stable mode locking is easy to form. This may be due to more available density of states in
the band structure of stacking-layer graphene than the thinner layer and favored low order
nonlinear optics control of graphene inside the cavity. The comparison of passively MLFL
performance based on graphene SA is shown in Table I.

Table 1. Performance comparison of MLFLs for different layers of graphene SA.

Number of Length Pumping Spectra Pulse Pulse. -
layers of SMF current (mA) width energy duration | Pulse stability
(m) (nm) (nJ) (fs)

7 54+50 | 122 2.20 0.56 1147 Stable

11 5.4+0 108 4.48 0.01 * Quasi-Stable
11 5.4+10 146 3.11 0.15 715 Stable

14 5.4+0 109 2.86 0.03 * Quasi-Stable
14 5.4+5 173 3.48 0.07 563 Stable

21 5.4+0 142 6.16 0.05 483 Stable

* Due to the power fluctuation, the autocorrelator was not available to measure the pulsewidth.



’For a passive MLFL using a 21-layer graphene as SA; the threshold pump power in
continuous wave (cw) lasing was about 33 mW. The mode-locked pulses were self-started
as the pumping power increased to 53.30 mW. The optical spectrum of the mode locked
pulse is shown in Fig. 5(a). The spectrum was centered at 1559.12 nm with 3 dB spectral
bandwidth of 6.16 nm. In Fig. 5(b), the output pulse train of MLEDF exhibited a repetition
rate at about 25.51 MHz and the pulse width was measured of 433 fs from the autocorrelator
trace. Further increasing the pumping power to 73.78 mW, the harmonic mode locking was
observed which could be confirmed by pulse train with a repetition rate about two times of
the fundamental mode locking. The TBP was calculated to be 0.323 which was close to the
bandwidth limited case. All optical spectra reveal the Kelly sideband indicating that a
soliton-like pulse was generated. The laser cavity included 0.85 m of EDF (GVD:-0.02
ps?/m), 1.35 m of corning flexcor 1060 (GVD:-0.007 ps?/m), and 5.4 m of SMF28 (GVD:-
0.023 ps?/m). Based on the Kelly sideband location the total cavity dispersion was estimated
to be 0.2124 ps/nm [26].
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Fig. 5 (a) Optical spectrum of the mode-locked laser and (b) Autocorrelator trace.

The RF spectrum of ML pulses was measured by connecting a high sensitivity photo
detector to a RF spectrum analyzer (HP8563E). As shown in Fig. 6, the major peak was the
cavity repetition rate of 25.67 MHz with a signal-to-noise ratio of 31 dB. In this work, the
stability measurement was similar to the previous graphene-based works [9-10], the power
stability performance was monitored for 8 hours a day and repeated measurements after 12
hours for two weeks within 2% variation.
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Fig. 6. RF spectrum of fundamental mode-locked laser
The soliton pulse laser performance of fundamental mode locking with 21-layer
graphene based SA was shown in Table II. *Table Il indicated that the stable soliton-like
operation was achieved at a pumping level from 53.30 to 63.79 mW. Second-order harmonic

soliton-like was achieved at a higher pumping level from 73.78 to 83.26 mW.

Table Il. Performance of 21-layer graphene based SA in MLFL.

Pump power | Pulse duration | Laser wavelength | Spectra width | Pulse TBP
(mw) (fs) (nm) (nm) energy (nJ)

53.30 563.64 1559.44 4.64 0.05 0.323
55.80 523.38 1559.28 5.08 0.06 0.328
58.80 483.12 1559.20 5.52 0.07 0.329
61.29 442.86 1559.28 5.92 0.07 0.323
63.79 432.47 1559.12 6.16 0.09 0.329
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4. Conclusion

‘In summary, the 7-, 11-, 14- and 21- layers graphene based SA with different SMF fiber
lengths for the generation of ultrafast laser pulse were comprehensively studied and
compared. %It was found that the thinner 7-, 11- and 14- layers of graphene based SA had
difficulty in forming a stable soliton-like pulse unless extra SMFs were added. “The reason
was the thinner layer graphene samples exhibited relatively high MD with ISA made it
difficult for a laser cavity to form a stable soliton pulse and needed additional length of SMF
to compensate the dispersion. In comparison with the thicker 21-layer graphene as SA, a
stable mode locking pulse train was easier to establish. “This might be due to more available
density of states in the band structure of stacking-layer graphene than the thinner layer and
favored nonlinear optics control of graphene inside the laser cavity.

The results showed that the optical nonlinearity of the thick 21-layer graphene based SA
exhibited a smaller MD value of 2.93% and a higher saturation intensity of 53.25 MW/cm?. A
stable MLFL of 21-layer graphene based SA showed a pulsewidth of 432.47 fs, a bandwidth
of 6.16 nm, and a TBP of 0.323 at fundamental soliton-like operation. °This study



demonstrated that the atomic-layer structure of graphene from a CVD process provided a
reliable graphene based SA for stable soliton-like pulse formation of the MLFL.



