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" The in-situ dissolution-and-reduction CVD synthesized few-layer graphene on ultra-thin nickel

: catalyst film is demonstrated at temperature as low as 550°C, which can be employed to form

. transmission-type or reflection-type saturable absorber (SA) for mode-locking the erbium-doped

. fiber lasers (EDFLs). With transmission-type graphene SA, the EDFL shortens its pulsewidth from 483
. to 441fs and broadens its spectral linewidth from 4.2 to 6.1nm with enlarging the pumping current
: from 200 to goomA. In contrast, the reflection-type SA only compresses the pulsewidth from 875

© to 796 fs with corresponding spectral linewidth broadened from 2.2 to 3.3nm. The reflection-type

. graphene mode-locker increases twice of its equivalent layer number to cause more insertion loss

. than the transmission-type one. Nevertheless, the reflection-type based saturable absorber system
. can generate stabilized soliton-like pulse easier than that of transmission-type system, because

. the nonlinearity induced self-amplitude modulation depth is simultaneously enlarged when passing
through the graphene twice under the retro-reflector design.

Short pulsed fiber laser is the key to explore the ultrafast phenomena or to develop skills in many
fields, including biomedical!, optical communication?, laser surgery®, material reactions*. The passively
mode-locked fiber laser system with compact architecture and high-quality pulse has emerged as the
most popular system among candidates nowadays'. To start up the mode-locking of fiber lasers, versatile
. carbon based nano-materials have been applied to serve as saturate absorbers®?°. The carbon nanotubes
. were demonstrated as the first nano-scale mode locker to generate high-quality pulses®”’. However, the
- high surface energy and aspect ratio of carbon nanotube causes carbon nanotubes easily aggregated and
. entangled to reduce their surface area and degrades their distribution uniformity. Although the aspect
ratio of carbon nanotube could be further reduce by chemical etching’, such a strong acid environ-
ment with concentrated H,SO, and HNO; would form numerous surface defects or destroy the carbon
nanotube.
Graphene is a two-dimensional carbon material that could be transferred onto any surface directly.
Thus, graphene could overcome the non-uniform distribution and self-aggregation problem happened
. on carbon nanotube. In addition, graphene exhibits lower threshold intensity for saturate absorption than
. that of carbon nanotubes to take over other saturable absorbers for the passively mode-locked EDFL$-1°.
. Although graphene has many merits, the environmental requirement for synthesizing graphene is rel-
. atively strict. Taking the CVD method as an example, high temperature (near 1000°C) and hydrogen
environment are required (One of the research group even think that graphene can hardly be synthesized
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Figure 1. Structural and optical properties of few-layer graphene grown under hydrogen-free and low-
temperature PECVD. (a) The AFM image and (b) the cross-sectional profile scanned from point A of

the synthesized few-layer graphene. (c) The non-linear transmittance of the synthesized graphene. (d) The
Raman spectra of commercial single-layer graphene and hydrogen-free synthesized few-layer graphene.

without “hydrogen” by chemical vapor deposition)?'. In particular, the oxygen-rare environment is also
abundant as the graphene would react with oxygen and formed carbon dioxide.

To get rid of the complicated synthesizing and transferring process, the hydrogen-free and
low-temperature plasma enhanced chemical vapor deposition (PECVD) of graphene has emerged®. In
this work, such a low-temperature and hydrogen-free PECVD synthesized graphene is used as a mode
locker in the erbium-doped fiber laser for the first time. In addition, the performances of the graphene
saturate absorber in transmission or reflection types for the passively mode-locked EDFL systems are
discussed and compared.

Results

Atomic-force microscopy, nonlinear transmittance, and Raman scattering spectrum of
hydrogen-free low-temperature PECVD synthesized graphene. In order to measure the thick-
ness and calculate the layer number of the few-layer graphene, the ultra-thin nickel catalyst film was
etched by FeCl; and the lifted graphene was transferred to a smooth Si wafer afterwards. The atomic-force
microscopy (AFM) top-view image and cross-sectional profile of few-layer graphene on Si wafer shown
in Fig. 1a,b reveal a height difference of 2.5nm between the Si substrate and the transferred graphene.
Considering that the height of monolayer graphene is about 0.33 nm?, the layer number of few-layer
graphene synthesized by in-situ dissolution-and-reduction after the hydrogen-free and low-temperature
PECVD growth is roughly estimated as 6~7 layers. To characterize the saturable absorption feature
of the few-layer graphene, the nonlinear transmittance obtained under the pumping with high-peak-
power fiber laser (central wavelength at 1570nm) is shown in Fig. 1c. When the pumping average power
increases from 0.008 to 3.23mW, the transmittance of few-layer graphene nonlinearly increases from
87.5% to 91% with a AT of 3.5%. The absorption saturates at a pumping power of more than 3.23 mW
due to the Pauli blocking effect, where the photons could pass through the optically bleached graphene.
The corresponding modulation depth of the few-layer graphene is about 28%, which is already compa-
rable with those of about 30% as obtained from the seven-layer graphene synthesized under high-tem-
perature and hydrogen-rich environment®. Such a competitive feature has corroborated the reliability of
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dissolution-and-reduction syhthesized few-layer graphene grown under hydrogen-free and low-temper-
ature PECVD.

To facilitate the hydrogen-free low-temperature PECVD growth of few-layer graphene, the ultra-thin
nickel coated SiO,/Si substrate is applied as the catalyst for the dissolution-and-reduction synthesis pro-
cedure. Several advantages of nickel which favor the in-situ graphene synthesis are addressed below.
First, the carbon atoms can still dissolve into the ultra-thin nickel film at relatively low temperature
(<500°C), which facilitates the reduction of few-layer graphene from cooling the nickel matrix after car-
bon deposition?. Second, the layer number of graphene can be precisely controlled with the deposition
time under low-temperature and non-hydrogen environment?, whereas single-layer graphene can only
be obtained by using copper substrate as a catalyst in high-temperature CVD system?*. In applications,
some research groups also observe that it is hardly achieving stabilized soliton-like mode-locking with
single- or double-layer graphene®. The Raman scattering spectra shown in Fig. 1d consist of two or three
typical peaks, in which the D peak around 1328cm™! is induced by the structural defects in graphene,
the G peak at 1580 cm ! certifies the C-C sp? network, and the unique 2D peak at 2760 cm ™! denotes the
existence of single-layer graphene?. The defects may come from the imperfect lattice structure of nickel
substrate or the active ions generated by plasma or the sp® carbon bonds?. In our case, it is inevitable to
generate defects in graphene during the PECVD based dissolution-and-reduction synthesis procedure®,
and the few-layer graphene lift-off from the nickel catalyst film reveals an Ip/I; intensity ratio value of
about 0.3. The better quality of graphene could be obtained by post annealing on the nickel substrate at
900°C?. Usually, the height of the 2D peak is the simplest way to distinguish the graphene with layer
number of less than three. The I,,/1;; intensity ratio of the graphene after dissolution-and-reduction from
ultra-thin nickel film grown by low-temperature hydrogen-free PECVD is about 0.45, indicating that
the graphene is not mono-layer (with I,,/I5>1) and bi-layer (with I,5/I;=1). For tri- or more-layer
graphene synthesized on ultra-thin nickel catalyst film with hydrogen-free and low-temperature PECVD,
the layer number should be further defined by measuring its transmittance'®, or calculating the dark lines
at the edge of graphene from TEM image®, or directly measuring its thickness by AFM3..

Transmission-type graphene saturable absorber for passively mode-locked EDFL. Figure 2a
compares the photographs of an SMF connector without and with the few-layer graphene adhered on
its end-face, which clearly show the adhered few-layer graphene observed from microscopic images of
core and cladding surfaces on the connector end-face. The core area of the connector is remarked by
using red-dash circle and the other area at the end-face is the cladding region. According to the pho-
tographs, the core area was not covered by any contaminates or residues. To prevent unnecessary scat-
tering and insertion loss caused by those contaminates or residues, each patchcord end-face is checked
before experiments so as to minimize the unexpected loss. Although some non-negligible contaminates
or residues may attach on the cladding area, the EDFL performances will not be affected accordingly.
Under mode-locking with the transmission-type few-layer graphene saturable absorber, the pulse-train
depicted in Fig. 2b for the EDFL with a cavity length of 7.43 m reveals the round-trip time and repetition
frequency of 35ns and 28.57 MHz, respectively. The optical spectra of the transmission-type graphene
mode-locked EDFL with its central wavelength located around 15724 0.5nm at different pumping con-
ditions are shown in Fig. 2c. That indicates the pumping power does not affect the location of central
wavelength too much in transmission type passively mode-locked EDFL system. The spectral linewidth
broadens from 4.2 to 6.1 nm with enlarging the pumping currents from 200 to 900 mA, and the soliton
is formed with significant Kelly sidebands at pumping current larger than 400 mA. The higher pumping
level is required for obtaining the soliton from the few-layer graphene saturable absorber mode-locked
EDFL, which is mainly attributed to the larger linear loss of the 6-7 layer graphene added into the EDFL
cavity so as to put off the soliton mode-locking threshold.

In more detail, the autocorrelation traces obtained at different pumping currents beyond the thresh-
old of 100mA are shown in Fig. 2d, in which the EDFL pulsewidth shortens from 483 to 441fs (after
retrieving with the de-correlation factor of 0.65) by enlarging the pumping current from 200 to 900 mA.
The observed pulsewidth is comparable with those obtained in similar system using high-temperature
synthesized graphene in hydrogen environment, which corroborates the mode-locking capability of the
dissolution-and-reduction synthesized few-layer graphene under hydrogen-free and low-temperature
condition. The pulsewidth, linewidth and time-bandwidth products (TBP) as functions of pumping level
are plotted in Fig. 2e,f. When reducing the pumping current to 400 mA or lower, the TBP falls below its
transform limited value of 0.315 as the peak power of pulse greatly attenuates to fulfill the criterion set
by the autocorrelator. As pumping current ranged from 400 to 600 mA, the measured TBP is deviated
from 0.315 to indicate the incomplete soliton mode-locking phenomenon. Almost the same temporal
and spectral shapes are obtained with nearly transform-limited TBP at pumping current of larger than
700 mA.

Reflection-type graphene saturable absorber for passively mode-locked EDFL. In compar-
ison, three major differences between the reflection- and transmission-type graphene based passively
mode-locked EDFL systems are addressed, the cavity length (due to the aid of circulator), the doubled
linear loss and the twice enlarged saturable absorbance (due to retro-reflection in graphene). As the
light passes through the graphene layer and reflects by the gold coated end-face, the equivalent layer
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Figure 2. Passively mode-locked EDFL performances by transmission-type graphene saturable absorber.
(a) The photograph of patchcord end-face with and without hydrogen-free and low temperature synthesized
graphene on the surface. (b) The oscilloscope trace of passively mode-locked EDFL. (c) and (d) The optical
spectra and autocorrelation traces of transmission-type passively mode-locked EDFL system under different
pumping current. (e) The varied pulsewidth and FWHM of transmission-type passively mode-locked EDFL
system under different pumping current. (f) The time-bandwidth products of the transmission-type passively
mode-locked EDFL system under different pumping current.

number increases twice such that the reflection-type graphene based mode-locker inevitably causes more
insertion loss than the transmission-type one. Nevertheless, the reflection-type based saturable absorber
system was believed to generate stabilized soliton-like pulse easier than that of transmission-type system.
That is because the nonlinearity induced self-amplitude modulation depth is simultaneously enlarged
passing through the graphene twice under the retro-reflector design. Unfortunately, the mode-locking
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Figure 3. Passively mode-locked EDFL performances by reflection-type graphene saturable absorber.
(a) The photograph of gold-coated patchcord end-face with and without hydrogen-free and low temperature
synthesized graphene on the surface. The inset: AFM image of gold film. (b) The oscilloscope trace of
passively mode-locked EDFL. (c) and (d) The optical spectra and autocorrelation traces of reflection-type
passively mode-locked EDFL system under different pumping current. (e) The varied pulsewidth and
FWHM of reflection-type passively mode-locked EDFL system under different pumping current. (f) The
time-bandwidth products of reflection-type passively mode-locked EDFL system under different pumping
current.

performance would be slightly degraded with the circulator induced insertion loss, which needs a
detailed analysis for comparing both reflection- and transmission-type graphene mode-locked EDFLs.
To perform the retro-reflection type mode-locker, the Fig. 3a shows the photographs of gold coated
SMEF connector without and with few-layer graphene. The thickness of gold measured by «-step is shown
in the inset of Fig. 3a, which provides a reflectance of up to 99% at wavelength of 1550 nm. The extra
loss induced by the circulator about is as large as —1.8dB. As a result, the reflection-type graphene
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mode-locked EDFL pulse-train depicted in Fig. 3b exhibits a round-trip time of 60ns and a repetition
frequency of 16.66 MHz as the cavity lengthens to 12.7 m. The optical spectra at different pumping cur-
rents shown in Fig. 3c indicate identical central wavelength at 1567 & 0.5nm, which is irrelevant to the
pumping level as there is no wavelength shift induced beyond lasing or mode-locking. When compar-
ing with the same EDFL system mode-locked by the transmission-type graphene saturable absorber,
the 5-nm blue-shift on mode-locking spectrum originates from the enlarged cavity loss mechanism'.
Owing to the degradation on self-amplitude modulation strength caused by additional loss, the spectral
linewidth only broadens from 2.2 to 3.3nm by enlarging the pumping current from 200 to 900 mA. As
expected, the phenomenon of diminished Kelly sideband peak is also accompanied with such a spectral
shrinkage under insufficient gain.

From the monitored autocorrelation traces shown in Fig. 3d, the calculated pulsewidth can only com-
presses from 875 to 796 fs with enlarging the pumping current from 200 to 900 mA, which are about twice
broader than those of the pulsewidth obtained from transmission-type system mainly because of extra
insertion loss under the same pumping condition. The pulsewidth, linewidth and TBP versus pumping
current as plotted in Fig. 3e,f elucidate similar trends like those observed from the transmission-type
graphene mode-locked EDFL, indicating that the reflection-type graphene also enables complete soliton
mode-locking at pumping power beyond 700 mA. Even though, our observation has corroborated the
slightly suppressed self-amplitude modulation as well as degraded mode-locking performance occurs due
to the inevitably enlarged intracavity loss of the retro-reflection design for the reflection-type graphene
absorber.

Graphene with high crystalline quality can serve as an effective saturable absorber for ultrafast
mode-locked lasers due to its excellent optical properties, including ultrafast carrier response time, low
saturation intensity, high nonlinear modulation depth and less scattering loss®'%*2. However, structural
defects existed in graphene often create scattering centers for phonons and electrons to influence the
optotelectronic properties as well as saturation behavior of graphene?”*2. The structural defects would
induce nonsaturable absorption and scattering loss, which enlarge the saturation intensity of graphene
with a reduced modulation depth to degrade the mode-locking laser performance?®*. To fabricate a
high-quality graphene, the CVD system is a better candidate than other methods®***%* such as mechan-
ical exfoliation***, liquid-phase exfoliation**%, and graphene oxide reduction®, etc. Zhang et al. have
demonstrated a stable mode-locked EDFL with pulsewidth of 415fs and pulse energy of 7.3 nJ by using a
CVD-grown atomic layer graphene’. Huang et al. have also utilized the CVD-grown multilayer graphene
to produce a stable mode-locked fiber laser with 432-fs pulsewidth?. Unfortunately, the growth temper-
ature is needed to be 1000°C during the synthesis.

With our approach, the desorbed carbon atoms from the Ni film can self-assemble the few-layer
graphene with highly layer uniformity. The PECVD synthesis can lower down the growth temperature
to a critical value of 550°C such that the dissolution rate of the decomposed carbon atoms in the Ni
film can be minimized. By precisely controlling the growth temperature near the phase transition tem-
perature of Ni, the minimal layer number of graphene can be obtained due to the smallest quantity of
carbon atoms desorbed from Ni film. Without hydrogen passivation, the few-layer graphene with sup-
pressed defects can still be obtained under low-temperature growth. Although there is a small amount
of defects existed in few-layer graphene to degrade its mode-locking force, the sub-picosecond ultrafast
passively mode-locked EDFL pulse can still be generated with the saturable absorption in the in-situ
dissolution-and-reduction CVD synthesized few-layer graphene.

Discussion

For the first time, a low-temperature and hydrogen-free PECVD synthesized graphene is used as
a mode locker in transmission- and reflection-types for passively mode-locked EDFL systems. A
dissolution-and-reduction synthesis facilitates to dissolve carbon atoms into the ultra-thin nickel film at
relatively low temperature (~550°C). Subsequently, the formation of few-layer graphene is observed from
cooling the nickel matrix after carbon deposition. The measured layer number of few-layer graphene syn-
thesized by in-situ dissolution-and-reduction synthesis is roughly estimated as 6 ~7 by AFM. The few-layer
graphene obtained under low-temperature and non-hydrogen environment demonstrates a nonlinear
transmittance increased from 87.5% to 91% with a AT of 3.5% and a corresponding modulation depth
of 28%. At maximal pumping power, the transmission-type graphene mode-locked EDFL shows a central
wavelength of 15724 0.5nm with a pulsewidth of 441fs and a spectral linewidth of 6.1 nm. The EDFL
with a cavity length of 7.43m reveals the repetition frequency of 28.57 MHz. The soliton mode-locking
is induced by observing the significant Kelly sidebands. In contrast, the reflection-type mode-locker
can only generate the passively mode-locked EDFL with a broadened pulsewidth of 796 fs and a shrunk
spectral linewidth of 3.3nm. The layer number the reflection-type graphene based mode-locker is dou-
bled such that the insertion loss becomes twice more than the transmission-type one. The repetition
frequency concurrently decreases to 16.66 MHz as the cavity lengthens to 12.7m. Nevertheless, the
reflection-type based saturable absorber system can generate stabilized soliton-like pulse easier than
that of transmission-type system, because the nonlinearity induced self-amplitude modulation depth
is simultaneously enlarged when passing through the graphene twice under the retro-reflector design.
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Figure 4. Graphene precipitation from Ni substrate and graphene adhesion on the SMF patchcord.
(a) The process of graphene precipitation from Ni substrate. (b) The transfer process of graphene from Ni
substrate to the SMF patchcord.

Methods

PECVD synthesis of few-layer graphene and the related transfer process. In experiment, the
few-layer graphene at 550°C is performed with the mixed methane and argon at gas flow rate of 3 and
200 SCCM, respectively. The deposition on 50nm of Ni substrate by PECVD with the plasma power of
100 W sustains for 100s. At initial stage, the carbon atoms are gradually dissolved into Ni film at substrate
temperature beyond threshold, where the formation of hexagonal carbon ring structure cannot be initi-
ated in the interstices of Ni film. By lowering the substrate temperature, numerous carbon atoms desorb
from Ni matrix to form the hexagonal carbon ring structure, and the layer number of graphene on the
Ni film is dominated by the amount of desorbed carbon atoms*. Figure 4(a) schematically illustrates the
formation of few-layer graphene on Ni film. The advantages of such PECVD synthesis are listed below.

Low-temperature and hydrogen-free PECVD synthesis of few-layer graphene. The advan-
tage of low-temperature growth is to rigidly control the quantity of carbon atoms desorbed from Ni
film so as to precisely determine the layer number of self-assembled graphene. Without the need of
high-temperature procedure, the precipitation of the dissolved carbon atoms in the Ni film can be
reduced. Under the temperature as low as 550°C (near the critical phase transition temperature of Ni),
only a small amount of carbon atoms can be dissolved into the Ni film, so as to prevent the precipita-
tion of abundant carbon atoms after cooling?. Such condition can facilitate the synthesis of few-layer
graphene. In addition, without the hydrogen passivation for improving the layer uniformity and releasing
the defects*'*!, the high-quality few-layer graphene can still be prepared in hydrogen-free environment
with the proposed synthesizing method.

Controllable layer number of in-situ dissolution-and-reduction CVD synthesized few-layer
graphene. In previous work, the layer number of graphene can be controlled by detuning either the
deposition time of argon-diluted methane fluence or the thickness of the evaporated Ni film. For exam-
ple, when decreasing the deposition time of methane from 600 to 100s, the graphene layer number can
be reduced from 8 to 3 layers®.

After hydrogen-free and low-temperature PECVD growth, the synthesized graphene on Ni film is
immersed in an aqueous solution of FeCl;, where the Fe** ion can etch the Ni film to make graphene
floating upon solution®***. Afterwards, the FeCl; solution is diluted by injecting deionized (DI) water.
Eventually, the graphene is attached onto the end-face of a SMF patchcord that is put into the solution
of DI water. The transfer procedure is illustrated in Fig. 4(b).

SCIENTIFIC REPORTS | 5:13689 | DOI: 10.1038/srep13689 7
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Figure 6. The schematic diagram of reflection-type passively mode locked EDFL. The passively mode-
locked EDFL system with the reflection-type graphene saturable absorber attached on the gold film.

Passively mode-locked EDFL systems with transmission-type and reflection-type graphene
saturable absorbers. These fiber pigtails with few-layer graphene were placed in the passively
mode-locked EDFL system, as illustrated in Fig. 5. This system is also known as transmission-type pas-
sively mode-locked EDFL used in previous reports*. The 2-m long EDF served as the gain medium.
The EDF was pumped by laser diodes at 980 and 1480 nm through by wavelength division multiplexer
(WDM) couplers. The circulated direction in the EDFL cavity was defined by a polarization independent
circulator. The polarization controller was applied to modify the intracavity polarization to optimize the
mode locking. A 5% output coupler was used to deliver the EDFL output to optical spectrum analyzer
and autocorrelator.

In contrast, the second system with a reflection-type few-layer graphene saturable absorber in the
passively mode-locked EDFL system is demonstrated as shown in Fig. 6. The other parameters are kept
unchanged for the comparison with the transmission-type one. To form the reflection-type saturable
absorber, the connector end-face of a SMF patchcord was pre-coated with 300-nm thick gold via the
thermal E-gun. After the gold evaporation, the hydrogen-free and low-temperature PECVD synthesized
few-layer graphene was transferred onto the surface of gold coated connector end-face and connected to
the circulator (port 2). The other ports (1 and 3) of circulator were connected to the system.
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Figure 7. Passively mode-locked EDFL performances. (a) The Gain and output power (in dBm) of EDFA
versus input power. (b) The curves of P, (in mW) vs. pumping currents of the transmission-type and
reflection-type graphene saturable absorber mode-locked EDFL systems.

To perform the passive mode-locking at appropriate pumping condition, the intracavity gain of the
EDFL was determined under bi-directional pumping regime. The relationship of the output power and
the intracavity gain versus input power is shown in Fig. 7(a). The output power is kept linearly increased
with almost constant gain of 32dB under input power of smaller than —10dBm, which becomes satu-
rated at 21 dBm with corresponding gain decaying to 21 dB under an input power of 0 dBm. The relation-
ship between lasing power and pumping current for both types of passively mode-locked EDFL systems
are shown in Fig. 7(b). The maximal lasing power extracted from 5% output coupler of the EDFL system
passively mode-locked by transmission-type and reflection-type graphene saturable absorbers are 5.9 and
5mW, respectively.
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