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Abstract: Graphene, as a saturable absorber (SA), has attracted much attention for its application in ultrashort pulse fiber lasers
due  to  its  ultrafast  interband  carrier  relaxation  and  ultra-broadband  wavelength  operation.  Nevertheless,  during  the  stacking
process  of  monolayer  graphene  layer,  the  induced  nonuniform  contact  at  the  interface  of  graphene  layers  deteriorate  the
device performance. Herein, we report the fabrication of graphene saturable absorber mirrors (SAMs) via a one-step transfer pro-
cess  and  the  realization  of  the  much  enlarged  modulation  depth  and  the  much  reduced  nonsaturable  loss  with  tri-layer
graphene  (TLG)  than  single-layer  graphene  (SLG)  due  to  the  improved  uniform  contact  at  the  interface.  Moreover,  the  opera-
tion of  1550 nm mode-locked Er-doped fiber laser with the TLG SAM exhibits  excellent output characteristics of  the maximum
output power of 9.9 mW, a slope efficiency of 2.4% and a pulse width of 714 fs.  Our findings are expected to pave the way to-
ward high-performance ultrashort pulse fiber lasers based on graphene SAs.
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1.  Introduction

Owing to the advantages of high beam quality, high reliab-
ility,  efficient  heat  dissipation  and  compact  size,  pulse  fiber
laser  shave  widespread  applications  in  both  the  scientific  re-
search  and  the  industrial  manufacture,  including  the  optical
communication,  the spectroscopy,  the sensing,  materials  and
the  signal  processing[1−4].  Up  to  now,  many  studies  of  pulse
fiber  lasers  have  been  conducted  using  active  and  passive
mode  locking  methods[5−7].  In  comparison  with  the  active
mode-locking,  the  passive  mode-locking  has  the  advantages
of  low  cost  and  compactness[8].  Furthermore,  it  also  exhibits
the  ability  to  produce  transform-limited  pulses  without  the
need to employ any external  active devices such as modulat-
ors. As a key element in passive mode-locked fiber lasers (PM-
LFLs),  saturable  absorbers  (SAs)  can  effectively  convert  the
continuous-wave  operation  into  the  pulsed  operation  be-
cause  of  their  high  absorption  for  low  optical  intensities  and
low optical absorption for the high optical intensity[9−13].

In  recent  years,  carbon  materials  including  carbon  nano-
tubes  (CNT)  and  graphene  are  emerged  as  effective  SAs  for
constructing PMLFLs due to their low saturable intensity, ultra-
fast  recovery  time,  and  simple  manufacturing  processes[14].
The  bandgap  of  CNT  depends  on  the  diameter  of  nanotube,

thus,  defining  the  operating  wavelength[15].  Nevertheless,  it
is  very  difficult  to  obtain  nanotubes  with  uniform  diameter
distribution in  one SA for  the saturable absorption of  a  parti-
cular  wavelength  of  light,  which  induces  much  insertion
losses.  Therefore,  the  further  development  of  the  CNT-based
PMLFLs  are  severely  hindered.  Compared  to  the  CNT,  the
graphene  has  the  major  advantage  of  intrinsic  wideband
operation  from  the  ultraviolet  to  the  far-infrared  region.
Moreover,  the excited carriers in pristine graphene exhibit ul-
trafast  decay  due  to  the  zero  bandgap  in  graphene[16−18].
Therefore,  graphene  has  been  chosen  as  one  of  the  prom-
ising  SA  candidates.  After  the  first  demonstration  of  grap-
hene SAs (G-SAs) in 2009[19], extensive studies have been con-
ducted  on  G-SAs  for  ultrafast  pulse  generation  in  1550  nm
range.  However,  the  graphene  has  ripples  or  corrugations
due to thermal fluctuations, leading to the induced loose con-
tact  between  neighbor  layers  during  the  stacking  process  of
multilayer  G-SAs.  Moreover,  the  most  of  previous  works  only
studied the effect of the number of graphene layer on the non-
linear absorption characteristics of G-SAs, but ignored the influ-
ence on the output characteristics of G-SAs based PMLFLs.

In  this  work,  in  order  to  study  the  effect  of  nonuniform
contact  at  the  interface  of  graphene  layers,  we  have  fabric-
ated  the  single-layer  graphene  (SLG)  and  the  tri-layer
graphene  (TLG)  saturable  absorber  mirrors  (SAMs)  via  a  one-
step  transfer  process.  We  investigate  the  optical  nonlinearit-
ies  of  SLG  and  TLG  SAMs.  It  has  been  found  that  the  TLG-
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SAM  exhibits  an  increase  of  modulation  depth  (MD)  and  a
decrease  of  nonsaturable  loss  compared  with  those  of the
SLG-SAM.  These  results  allow  us  to  construct  a  better
1550  nm  PMLFL  with  a  threshold  pump  power  of  60.8  mW,
a  pulse  width  of  714  fs,  and  a  signal  to  noise  ratio  (SNR)  of
62 dB.

2.  Experiments and methods

As  illustrated  in Fig.  1,  the  graphene  saturable  absorber
mirrors  are  fabricated  on  Au/Si  substrates.  The  Au/Si  sub-
strate was achieved by depositing a 100 nm-thick Au layer on
a  Si  substrate  with  the  method  of  magnetron  sputtering.  Be-
fore  the  Au  film  deposition,  the  Si  substrate  was  ultrasonic-
ally  cleaned in  organic  solvents,  chemically  etched in  2  % HF
solution, and rinsed in deionized water, blow-dried with nitro-
gen gas.  After the growth of the Au film, SLG and TLG sheets
were transferred onto the Au/Si substrates via a one-step wet
chemical  etching  process.  Each  step  was  monitored  carefully
to  avoid  the  occurrence  of  holes,  cracks  and  folds  of  several
micrometers  in  length  into  the  graphene  during  the  transfer
process.  The  graphene  is  deposited  on  Cu  foil  (30 µm  thick
Alfa-Aesar,  purity 99.99 %) by an ordinary chemical vapor de-
position  method.  The  graphene-Cu  is  spin-coated  with  Poly-
methyl  Methacrylate  (PMMA)  at  500  rpm  for  18  s  and  3000
rpm for  60 s  in  sequence.  The PMMA/graphene/Cu stack was
then immersed in a 100 mL ammonium persulfate solution un-
til  the  copper  under  the  graphene  layer  was  completely
etched.  The  free-standing  PMMA/graphene  was  then  rinsed
with deionized water and lifted out using the Si/Au substrate.
Two samples were then baked for  15 min at  80 °C in air  on a
heating  plate  to  flatten  the  film.  Finally,  the  PMMA  was  re-
moved using acetone and dried by nitrogen blowing.

The  morphologies  of  SLG  and  TLG  SAMs  were  character-
ized by optical microscope (Nikon, ECLIPSE LV100ND). An optic-
al  image  of  the  SLG-SAM  is  shown  in  the  up-right  corner  of
Fig. 1. Surface topographies of the samples were observed by
scanning  electron  microscope  (SEM,  Quanta  400  FEG).  Ra-
man spectroscopy was performed on a confocal Raman spec-
trometer (LABRAM HR, Japan). Nonlinear absorption character-
istics  of  both  SLG  and  TLG  SAMs  were  measured  by  using  a
home-made PMLFL and the self-made Er-doped fiber amplifi-
er (EDFA) device.

3.  Results and discussion

Fig.  2 shows  the  SEM  micrographs  of  SLG  and  TLG.  The

boundary  of  SLG  and  TLG  sheets  transferred  onto  the  Au
films  can  be  clearly  identified  in Figs.  2(a) and 2(c). Figs.  2(b)
and 2(d) present  SEM  micrographs  of  the  SLG-  and  TLG-
SAMs. After the transfer process, the SLG on the Au film exhib-
its  a  lot  of  residues  or  voids,  while  a  uniform and continuous
surface in the TLG-SAM can be observed.

Raman spectroscopy is considered to be one of the main
ways  to  study  carbon  materials,  because  it  can  provide  in-
formation  on  hybridization  state,  defects  and  charged  in-
purities[20].  As  shown  in Fig.  3 the  Raman  spectra  of  the
graphene/Au/Si  structures  exhibit  two  major  peaks  from
graphene,  namely  the  G-  and  2D-band.  The  G-band  peak  is
located at 1580 cm–1, which is attributed to the first-order Ra-
man  scattering  by  doubly  degenerated  in-plane  vibration
modes  (in-plane  optical  transverse  and  longitudinal  phono-
ns)  at  the  Brillouin  zone  centre[21, 22].  The  second  peak  at
2700  cm−1 corresponds  to  2D-band  that  is  attributed  to  the
second-order  Raman  scattering  by  in-plane  transverse  optic-
al  phonons  near  the  boundary  of  the  Brillouin  zone  and  is
closely linked to the electronic band structure. In general, the
number of the graphene layer can be determined by investig-
ating  the  intensity  ratio  of  2D  and  G-band  (I2D/IG).  The  SLG
SAM exhibits avalue of I2D/IG of approximately 1.82 whereas it
is  about 0.66 for  TLG SAM, which indicates that  SLG SAM has
a  monolayer  graphene  structure,  and  the  smaller  obtained
I2D/IG value for  TLG SAM illustrates  multilayer  structure  in  the
graphene samples[23].
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Fig. 1. (Color online) Schematic illustration of G-SAMs preparation process.
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Fig. 2. The SEM micrographs of (a), (b) SLG-SAM and (c), (d) TLG-SAM.
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In  order  to  determine  whether  G-SAMs  can  be  used  to
construct  mode-locked  fiber  lasers  at  1560  nm  or  not,  we  in-
vestigate  saturable  absorption  properties  of  both  SLG  and
TLG  SAMs.  A  home-made  PMLFL  is  used  as  a  laser  source,
which  operates  at  a  central  wavelength  of  1558  nm  with  a
pulse duration of 385 fs and a repetition rate of 21 MHz. The in-
put  power  is  controlled  by  means  of  a  variable  optical  atte-
nuator.  A reference signal  is  employed to detect  the incident
power  with  a  1  :  1  output  coupler  (OC).  Based  on  a  typical
balanced  twin-detector  measurement  technology,  we  meas-
ured the dependence of the reflectivity of SLG and TLG SAMs
on  the  power  density  of  the  incident  pump  peak,  as  shown
in Figs.  4(a) and 4(b),  respectively.  The  nonlinear  saturable
absorption  properties  of  SLG  and  TLG  SAMs  can  be  expres-
sed as[24]
 

α (I) =
αS

 + I/IS + αNS,

αS
αNS

where IS is the saturation intensity (SI),  is the saturable ab-
sorbance  and  is  the  nonsaturable  absorbance,  respect-
ively.  The  MD  and  SI  were  calculated  to  be  approximately
2.8%  and  0.41  MW/cm2 for  the  SLG  SAM  and  6.1%  and
0.66  MW/cm2 for  the  TLG  SAM.  The  increased  MD  and  SI  can
be attributed to the increase of  the number of  graphene lay-
ers.  Moreover,  the  nonsaturable  losses  of  SLG  and  TLG  SAMs
are observed to be 21.2% and 20.9%. The decreased nonsatur-
able loss in TLG SAMs suggest  the one-step wet transfer  pro-
cess can effectively avoid the generation of ripples or corruga-
tions.

We  have  demonstrated  comparative  experiments  by
adding  two  G-SAMs  into  an  Er-doped  fiber  laser  ring  cavity
which  was  mainly  comprised  of  laser  diode  of  980  nm,
980/1550  nm  wavelength  division  multiplexer,  EDF  with  a
length  of  0.8  m,  polarization-independent  isolator,  polariza-
tion controller (PC), G-SAMs dispersion and a OC is of 10% out-
put  and 90% input.  An InGaAs photoelectric  converter  (Thor-
labs  DET01CFC)  converts  light  signals  into  electrical  signals.
The  output  characteristic  of  these  fiber  lasers  were  analyzed
by  using  an  electronic  spectrum  analyzer  (Rohde  &  Schwarz
FSC6),  a  digital  oscilloscope  (Rigol  DS6104),  and  an  optical
spectrum analyzer (Anritsu MS9710C).

In  this  work,  by  using the TLG-SAM,  a  stable  passively  Q-
switched  operation  is  obtained  at  a  very  low  pump  power,
which  lead  to  the  easy  occurs  of  the  mode-locked  operation
by gradually increasing the pump powers. Fig. 5(a) shows the
measured  average  output  power  versus  the  input  pump
power  of  980  nm  pump  laser.  Before  insert  G-SAMs  into  the
cavity,  the  lasers  always  operate  in  a  continuous  wave  re-
gime.  When  G-SAMs  are  inserted  into  the  cavity,  continuous
wave  operations  started  from  a  pump  power  of  ~54  mW.
Sable  self-starting  mode-locked  pulse  oscillations  in  SLG  and
TLG based PMLFLs are observed as pump power exceeds the
threshold  of  64.5  and  60.8  mW,  respectively.  With  the  in-
crease  of  the  pump  power,  the  output  power  of  both  SLG
and TLG based PMLFLs linearly increase corresponding to the
slope  efficiency  is  1.7%  and  2.4%,  and  the  maximum  output
power  SLG-  and  TLG-based  PMLFLs  is  ~6.8  and  9.9  mW,  re-
spectively.  The  smaller  lasing  threshold,  the  larger  output
power, and the high slope efficiency in TLG based PMLFL sug-
gest  the  nonsaturable  loss  of  TLG-SAM  is  lower  than  that  of
SLG-SAM,  which  is  well  agreement  with  results  of  nonlinear
characteristic measurements.

As illustrated in Fig. 5(b), the output spectrum of the SLG
SAM is centered at 1557 nm with a 3-dB bandwidth of 3.0 nm
and  the  output  spectrum  of  the  TLG  SAM  is  centered  at
1555  nm  with  a  3-dB  bandwidth  of  4.2  nm.  The  autocorrela-
tion  trace  of  the  MLFL  is  shown  in Fig.  5(e) at  the  threshold
value.  The  pulse  width  is  then  obtained  to  be  785  fs  for  SLG
SAM and 714 fs  for  TLG SAM, respectively,  by autocorrelation
fitting.  The  smaller  pulse  duration  for  TLG-based  PMLFL  scan
be  attributed  to  the  larger  MD  of  TLG  SAMs.  The  time-band-
width  products  (TBPs)[25] of  the  output  pulses  for  both  SLG-
and  TLG-based  PMLFLs  were  calculated  to  be  0.414  and
0.526,  respectively,  which  are  quite  close  to  the  typical  value
of  sech2 pulse  profile  of  0.315[26],  suggesting  that  the  soliton
is  very  stable  with  little  chirp. Fig.  5(c) shows  the  pulse  train
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Fig.  3.  (Color  online)  Raman  spectra  of  SLG  and  TLG  fabricated  via  a
one-step transfer process.
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with  a  period  of  88.9  ns  in  TLG-based  PMLFL,  which  corres-
ponds  to  the  laser  cavity  of  24.5  m. Fig.  5(d) presents  the  ra-
dio  frequency  (RF)  spectrum  of  the  TLG-based  PMLFL  at  the
fundamental  frequency peak for  a  scanning range of  10 MHz
and RF resolution bandwidth of 100 kHz. The fundamental RF
peak locates at the cavity repetition rate of 11 MHz and exhib-
its  a  signal-to-noise  ratio  (SNR)  of  62  dB  larger  than  that  of
SLG-based  PMLFL,  indicating  TLG-SAMs  have  great  potential
to  achieve  stable  mode-locking  operation.  Graphene  grown
on a gold film substrate by chemical vapor deposition is typic-
ally  required  to  be  transferred  to  another  substrate  for  the
fabrication  of  various  graphene-based  electrical,  optical  and
mechanical  devices.  Therefore,  the  one-step  transfer  method
reported in this work can further improve the performance of
the graphene devices.

4.  Conclusion

In  conclusion,  SLG  and  TLG  SAMs  have  been  fabricated
by  one-step  wetting  transfer  processes.  With  the  saturable
absorption  measurements,  TLG  SAM  exhibits  a  larger  MD
and  a  smaller  nonsaturable  loss  than  SLG  SAM  due  to  the
increased number of graphene layers and the optimized inter-
facial  contact  of  the  graphene  with  the  substrate.  By  insert-
ing  two  SAs  into  EDF  laser  cavities,  a  higher-performance
PMLFL with a maximum output power of 9.9 mW, a slope effi-
ciency  of  2.4%,  and  a  pulse  width  of  714  fs  have  been
achieved,  indicating  that  TLG  is  superior  SAM  candidate  for
PMLFLs to SLG.
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Fig. 5. (Color online) Experimental result. (a) Output power versus pump power. (b) Output optical spectra. (c) Pulse train. (d) Autocorrelation
trace. (e) RF spectrum of the mode locking laser. The inset shows the broadband RF spectrum at a span of 11.1 MHz.
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