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Stable, Surfactant-Free Graphene-Styrene
Methylmethacrylate Composite for Ultrafast Lasers

Felice Torrisi,* Daniel Popa, Silvia Milana, Zhe Jiang, Tawfique Hasan,

Elefterios Lidorikis, and Andrea C. Ferrari

Graphene—polymer composites play an increasing role in photonic and
optoelectronic applications, from ultrafast pulse generation to solar cells.
The fabrication of an optical quality surfactant-free graphene-styrene methyl
methacrylate composite, stable to large humidity and temperature ranges

is reported. The composite is tailored for photonic applications showing
wavelength-independent linear absorption in the visible and near-infrared.
When tested in a mode-locked laser, it allows the generation of stable =326 fs
mode-locked pulses at 1550 nm, unperturbed by environmental conditions.
The composite continues to operate as a saturable absorber even under
complete water immersion at 60 °C. This confirms its stability against high-

temperature and humidity.

1. Introduction

Rapid developments in photonics are fueled by advances in
optical networks,[! broad-band systems,??! and ultrafast lasers.?!
In particular laser sources producing nano- to subpicosecond
pulses and are a key component in high-speed digital switching!!l
for optical communication technologies.™! Fiber lasers are attrac-
tive for their simple and compact designs,¥ efficient heat dissi-
pation,P! and alignment-free operation.>! These characteristics,
combined with advances in glass technology®’! and nonlinear
optics,® resulted in systems working from the visible to the
mid-infrared (MIR) spectral region.’! In fiber lasers, ultrashort
pulses can be obtained by passive mode-locking.! This typi-
cally requires the aid of a nonlinear component called saturable
absorber (SA).+> The key parameters of SAs are their dynamic
response (the shorter the pulse, the faster the loss modula-
tion®!%) and its wavelength range (the broader the operation
bandwidth, the shorter the supported pulses)."!% In addition,
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the global range of applications of ultra-
fast lasers (e.g., manufacturing, biomedical
research, telecommunications, spectros-
copy, etc.) requires SAs to show thermal
and environmental stability (ie., mois-
ture absorption <1% by weight in high,
>80%, humidity environment and glass
transition temperature 2120 °C, for poly-
mers).'l Carbon nanotubes (CNTs),21213]
graphenel'>" and recently, other 2D mate-
rials such as semiconducting transition
metal dichalcogenides (MoS,,11%171 WS,,[18]
MoSe,*)) and black phosphorus?®?! have
emerged as promising SAs for ultrafast
lasers.[222-24 [n CNT5, broadband operation
is achieved by using a distribution of tube
diameters,*?? while this is an intrinsic property of graphene.?’]
This, along with the ultrafast recovery time %l low saturation flu-
ence,>?’] and ease of fabrication?®! and integration,?’! makes
graphene an excellent broadband SA.*! Consequently, mode-
locked lasers using graphene SAs (GSAs) have been demon-
strated from =800 nmP% to =970 nm P =1 pum,% =1.5 pm,?’!
and =2 pmB3 up to =2.4 pm.** Polymeric materials are the ideal
solution to integrate GSAs into fiber lasers.'3%l They are easily
processed by methods such as embossing, stamping, sawing,
and wet or dry etching, and generally have a low-cost room-tem-
perature fabrication process.[133¢]

Liquid phase exfoliation (LPE) of graphite crystals in a sur-
factant-stabilized aqueous solution®’-3% and organic solvents!384041]
can be used to produce graphene. The LPE yield can be defined
in different ways.?’! The yield by weight, Yy [%], is defined as
the ratio between the weight of dispersed graphitic material and
that of the starting graphite flakes. References [38,41,42] reported
surfactant-free dispersions of graphene in organic solvents, e.g.,
N-methylpyrrolidone (NMP), N-dimethylformamide (DMF), and
ortho-dichlorobenzene (0-DCB). Graphene from LPE is ideal to
produce polymer composites as it can be mixed/blended in liquid
or dry form with a host polymer matrix.[*338]

Polymers for composites used in fiber lasers for ultrashort
pulse generation have to be transparent at the device-operation
wavelength, be mechanically flexible, thermally, and chemi-
cally stable as well as being resistant to moisture (e.g., hydro-
phobic)1333 as moisture-induced hygroscopic swelling in
polymers can cause internal stress in the polymeric matrix.[*3]
Various polymers, such as polyvinylacetate (PVAc),** poly-
vinylalcohol ~ (PVA),31  polymethylmetacrylate (PMMA),*]
polyaniline (PANi),? polycaprolactone (PCL),*! polyurethane
(PU),8 polystyrene (PS),*! polylactide (PLA),% polyethylene
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terephthalate (PET),Y and polyvinylidene fluoride (PVDF),P?
have been used as host matrix for graphene-based SAs. How-
ever, these polymer matrices have drawbacks, limiting their
use. PVA, PVAc, PCL, and PET have a low glass-transition
temperature, T, (=85 °C,5% =35 °C,* =58 °C,%l and ~80 °C,F*l
respectively), PMMA is brittle,’”] and PANi and PCL are
highly absorbing over the visible and infrared (IR) spectral
range.8] PVA is unsuitable for humid environments (due to
strong moisture absorption!'33833]) and strongly absorbs in
the 1300-1700 nm wavelength range (due to the presence of
O—H bonds!")). Styrene methyl methacrylate (SMMA), a
copolymer (i.e., based on monomers consisting of two polymer
chains) of styrene (CcHsCH=CH,) and methyl-methacrylate
(CH,=C(CH3)COOCH;)P’ exhibits broadband optical trans-
parency (from 200 to 3000 nm), high glass transition tempera-
ture (T, 2 120 °C,[%) and lower moisture absorption (<0.1% by
weight) with respect to PVA, PVAc, PET, and PCL,®Y) making
it ideal for high humidity (up to 100%) and high temperature
(up to 105 °C) environments.[°%2-%5] Moreover, the presence of
styrene groups provides improved mechanical flexibilityl®? and
thermal stability®®®”] compared to widely used polymers such as
PMMA, epoxy resins,?>%72 and fluorinated polyimides.!>>¢%-72

The operating conditions that a SA based on a graphene-
polymer composite can withstand primarily depend on the prop-
erties of the host polymer matrix. This should be transparent in
the wavelength range of interest, so as to reduce nonsaturable
losses!'213 and be environmentally stable, as temperature and
moisture can adversely affect the SA performance.'] SMMA
is thus a suitable candidate as a host matrix. Furthermore, the
optimal SA composite must be free from cracks, bubbles, par-
ticles, aggregations, and other physical defects that affect the
composite homogeneity, causing nonsaturable losses when the
defect dimensions are comparable to the device-operation wave-
length.”3l The presence of defects depends on the SA manu-
facturing process. Defect-free polymer composites embedding
graphenel'®1>38] can be prepared from blends of soluble host
polymers in a compatible graphene dispersion.['*3 SMMA is
highly (>1.5 g mL™) soluble in NMP,[®»74 which also exfoliates
graphene effectivelyP®®404l making it an ideal host polymer for
defect-free, optical quality graphene-polymer composites. Here
we utilize SMMA to fabricate stable and surfactant-free gra-
phene-SMMA composites. We then use these as SAs for ultra-
short (=326 fs) optical pulse generation at 1550 nm achieved in
a fiber laser cavity. The graphene-SMMA SA maintains stable
(up to 1800 mins) pulse generation under water immersion and
temperatures up to =60 °C demonstrating its temperature and
humidity resistance.

2. Results and Discussion

2.1. Graphene Dispersion

Graphite flakes (NGS Naturgraphit) are exfoliated in an ultra-
sonic bath (Decon bath FS100, 100 W) for 9 h using anhydrous
NMP as solvent. We use NMP for two reasons. First, SMMA
is soluble in NMP.I®Yl Second, graphene can be exfoliated in
NMP,*) with no need of surfactants.?®*) The unexfoliated
flakes are then allowed to settle for 10 min after sonication in
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a sealed bottle. The graphene dispersion is then placed in an
ultracentrifuge at 10 000 rpm (17 000 g) for an hour. We select
this exfoliation sonication and centrifugation steps because they
produce the highest Y);in NMP.[*!I The top 70% is decanted for
characterization and composite fabrication.

Optical absorption spectroscopy (OAS) is used to estimate
the concentration of graphitic flakes?®”3%4% by the Beer—Lam-
bert Law: A = acl, where A is the absorbance, I [m] is the
light path length, ¢ [g L] is the concentration of dispersed
graphitic material and « [L g! m™] is the absorption coeffi-
cient.?¥40 Different values of « have been estimated both for
aqueousP”7% (1390 L g' m™! ref. [37]; 6600 L g™! m™ ref. [75])
and nonaqueous-based dispersions.*?) Referencel*® derived
a = 2460 L g! m™! for a variety of solvents, (including NMP)
while later ref. [42] reported & = 3620 L g! m™ for NMP.
Reference [75] assigned this discrepancy to the ¢ difference of
the two dispersions. However, o is independent on ¢, thus more
work is needed to determine its exact value. Reference [37]
estimated o = 1390 L g™! m™ with a standard deviation <0.01%.
We then use a= 1390 L g! m™! in this work. Figure 1a plots the
absorption spectrum of our LPE graphene dispersion diluted
to 10% measured with a Perkin—Elmer Lambda 950 spectrom-
eter with 1.3 nm resolution. Dilution is needed to avoid pos-
sible scattering losses at higher concentrations.l*”7>! The peak
in the UV region is a signature of the van Hove singularity in
the graphene density of states.’®! Utilizing o = 1390 L g™' m™,
we estimate c~ 0.2 g L1,

We then characterize the dispersion via high resolution
transmission electron microscopy (HRTEM) using a Tecnai
T20 high resolution electron microscope. Figure 1b shows a
bright field micrograph of a partially folded Single Layer Gra-
phene (SLG) flake on a TEM grid. The number of layers, N,
can be counted from the zoomed-in high-resolution images of
the edges.[**#] Statistics of N and flake size is performed by
combined electron diffraction and bright field analyses.***1 We
find that ~28% are SLGs, =20% are bilayer graphene (BLGs)
flakes, and =52% few layer graphene flakes (Figure 1c), with lat-
eral size =300-1000 nm.

Raman spectroscopy is utilized to characterize and monitor
step by step the fabrication of the graphene-SMMA composite,
from the initial graphite to the final composite. Raman spectra
are acquired at 457, 514, and 633 nm excitation wavelengths.
The Raman spectrum of a starting natural graphite flake
measured at 514 nm (shown in Figure 2a, blue curve) is com-
pared to that of the LPE graphene dispensed on Si/SiO, and
annealed at 170 °C to remove NMP (Figure 2a, green curve).
In bulk graphite, the two most intense features are the G peak
at =1580 cm™ and the 2D peak at =2700 cm™!, while no D peak
(at =1350 cm™) is observed. The G peak corresponds to the Ey,
phonon at the Brillouin zone center.’”! The D peak is due to
the breathing modes of sp? rings and requires a defect for its
activation by double resonance (DR).’”%% The 2D peak is the
second order of the D peak.””! This is a single band in SLG,
whereas it splits in four components in BLG, reflecting the evo-
lution of the band structure.”® In bulk graphite it consists of
two components, roughly 1/4 and 1/2 the height of the G peak,
respectively.”®! The 2D peak is always seen, even when no D
peak is present, since no defects are required for the activation
of two phonons with the same momentum, one backscattering
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Figure 1. a) OAS spectrum of LPE graphene dispersion in NMP (inset
shows a picture of graphene liquid dispersion). b) TEM bright field micro-
graph of dispersion-cast SLG. c) Statistics of number of layers of LPE
graphene dispersion mesured using TEM.

from the other. DR can also happen intravalley (i.e., connecting
two points belonging to the same cone around K or K'), giving
rise to the D’ peak. In the Raman spectrum of LPE graphene
significant D and D’ bands are also present, besides the G
and 2D peaks.”) We assign the D and D’ peaks to the edges
of the submicrometer flakes,®!l rather than to the presence of
a large amount of disorder within the flakes. The full width
at half maximum of the G peak, FWHM(G), always increases
with disorder.#>#3 In disordered carbons the G peak posi-
tion, Pos(G), increases with decreasing excitation wavelength,
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Figure 2. a) Raman spectra of starting natural graphite (blue), LPE gra-
phene dispersion (green), graphene-SMMA composite before immersion
(red), graphene-SMMA composite after immersion (orange), graphene-
SMMA composite (magenta) after subtraction of the pure SMMA spec-
trum (black), revealing the characteristic D, G, D, 2D peaks of LPE
graphene. b) OAS spectra of the graphene-SMMA (black) composite,
pure SMMA (red), and graphene flakes (blue). c) Optical image of the
graphene-SMMA composite.

from IR to ultraviolet (UV).”?) Thus, the G peak dispersion,
Disp(G) = APos(G)/AA;, where A; is the laser excitation wave-
length, increases with disorder. Combining the intensity ratio
of the D and G peaks, [(D)/I(G), with FWHM(G) and Disp(G),
allows us to discriminate between disorder localized at the
edges, and disorder in the bulk of the samples.*!l In the latter
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case, a higher [(D)/I(G) would correspond to higher FWHM(G)
and Disp(G). Disp(G) =0.02 cm™! nm™! for our LPE graphene is
much lower than in disordered carbons.®* Moreover, the distri-
butions of Disp(G), I(D)/I(G) and FWHM(G) are not correlated,
as also reported in ref. [41] where similar LPE graphene disper-
sions were analyzed.

Such absence of correlation is a clear indication that the
major contribution to the D peak comes from the sample
edges!*!l and further confirms the absence of defective flakes.

The 2D peak is a single Lorentzian, but larger than that of
an individual graphene flake. Thus, even if the flakes are mul-
tilayers, they are electronically decoupled and, to a first approxi-
mation, behave as a collection of single layers.[387281]

2.2. Graphene-SMMA Composite

We prepare the graphene-SMMA SA as follows.
SMMA(200 mg) is dissolved in NMP (8 mL) by mechanical stir-
ring (this generates a homogeneous blend of SMMA in NMP).
The SMMA solution is mixed with the LPE graphene disper-
sion. NMP is left to evaporate overnight in a vacuum chamber
and the resulting composite is then baked in oven at 80 °C,
producing a =55 pm freestanding graphene-SMMA polymer
composite.

We also prepare a graphene-PVA SA following ref. [15] for
stability performance comparison. Figure 2a plots the Raman
spectrum of the graphene-SMMA composite (red curve) and
that of pure SMMA (black curve), both measured at 514 nm.

While the D and 2D peaks are visible in the graphene-SMMA
composite spectrum at =1350 cm™ and =2700 cm™, respectively,
the G and D’ bands are convoluted within two intense Raman
features, located at =~1585 cm™ and =1604 cm™, due to the
stretching modes of carbon rings in SMMA >8] However, simi-
larly to the LPE graphene flakes discussed above, it is still pos-
sible to estimate Pos(G), and thus derive Disp(G), as follows. The
Raman spectrum of the graphene-SMMA composite and that
of pure SMMA are acquired using identical exposure time and
incident laser power; therefore, an accurate point-to-point sub-
traction of the SMMA reference spectrum from the graphene-
SMMA composite spectrum can be implemented, Figure 2a
(magenta curve). Disp(G) is found to be =0.03 cm™ nm™.

This very small value (compared to >0.1 cm™ nm™!, expected
for disordered carbons) indicates once again absence of in-
plane defects within the graphene flakes embedded in the
SMMA polymer matrix. Thus, SMMA does not affect the struc-
ture of the embedded flakes. OAS (Figure 2b, multiple colors)
of SMMA, Graphene flakes and Graphene-SMMA composite
reveal a featureless absorbance from 500 to 2000 nm for the
three materials with a constant value of =0.2 for the composite
(Figure 2c), compliant with the optical requirements of SA
based on a graphene-polymer composite.'%13]

Optical microscopy is used to confirm the absence of cracks,
bubbles, and aggregates within the composite, Figure 3a. This
confirms the absence of defects having size comparable to or
larger than the device-operation wavelength and the uniformity
of the graphene-SMMA SA, once positioned on top of the fiber
core (Figure 3a, inset). Figure 3b shows the SEM micrograph
of a lateral cross-section of graphene-SMMA SA. The image
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presents a visible layered structure of the composite with a pref-
erential horizontal orientation.

Thermogravimetric Analysis (TGA) in N, gas is used to
investigate the thermal stability of the graphene-SMMA com-
posite. Figure 3c (red curve) shows the thermogram (weight
loss as a function of temperature) of pure SMMA film,
revealing a first =10% weight loss peaked at =150 °C which is
attributed to water loss!®’l and a second weight drop of =90% at
~380 °C which is consistent with the thermal decomposition of
the polymer.[*#”] The thermogram of LPE graphene (Figure 3c,
blue curve) is almost featureless between 25 and 780 °C while
followed by a gradual weight loss of about 5% (in the range
780-900 °C), typical of graphene flakes.® The thermogram of

0.8r graphene flakes
— graphene-SMMA
S —— SMMA i
s 0.6
—
<
204r 1
(]
=
0.2r 1
0.0

200 400 600 800
Temperature (°C)

Figure 3. a) Optical micrograph and b) SEM micrograph cross-section of

the graphne-SMMA SA. c) Thermogram of the pure SMMA (red curve),

graphene flakes (blue curve), and the graphene-SMMA (black curve)
composite.
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graphene-SMMA composite contains both the TGA features of
the pure SMMA and those of LPE graphene showing weight
losses of =10% and =89.9% at =150 °C and =380 °C, respec-
tively. The residual weight of =0.1% gradually decays in the
range 780-900 °C and can be attributed to graphene flakes in
the composite. This confirms the thermal stability of our gra-
phene-SMMA composite to up to =380 °C, higher than pre-
vious works reporting thermal degradation in N, at =120 °C
for a graphene-PVC compositesl® and at =320 °C for a gra-
phene-PVA composites.®*) The ratio of graphene mass (my,)
in the composite over total graphene-SMMA composite mass
(Mgr_sMMA) Mgr/ Mgr_smma, Can be approximated to g /msya,
where mgya is the mass of SMMA (given that my, << mgypya)-

Figure 3c shows that mg/mgyma = 0.1% at =500 °C,
assuming the density of graphene p, =2.3 g cm™ similar
to that of graphitel®l and the density of SMMA pgyya = 1.09 g
cm3,%% we can estimate a graphene/SMMA volume fraction
(Dgr/ @Psvma = 0.04%.

Reference [91] used the transfer matrix formalism®? to esti-
mate N in a graphene-PVA SA. We apply this formalism to
calculate, as a function of N, the reflection of our 55 pm free-
standing graphene-SMMA composite film, where the SLGs
(assumed horizontal for simplicity) are distributed in a random

65 a ) T T T T T ]
60 —O— Graphene-SMMA (measurement)
55 —— Calculation ]
e 50 1
c 45 E
RS 40 ]
g8
o 35 ]
[}
g 30 R
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20 E
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Wavelength (nm)
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60 [ g
:\o\ 50 | 0_
S 4of ]
S L
S 30f g
3 £
< 20t ]
10} ' — Linear approximation |
@ Simulation
0 L L L L L
0 10 20 30 40 50

N

Figure 4. a) Experimental (black curve) and calculated (red curve)
absorption of the graphene-SMMA SA for N=20. b) Simulated (black
dashed-dotted curve) absorption and estimated (red curve) absorption
based on the A = Not/ ngyua linear approximation.
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fashion within a SMMA matrix. The SMMA refractive index
is ngvma =1.53, almost dispersion-less and lossless across the
vis-IR wavelength range. In order to avoid coherent multiple
reflections due to a specific arrangement of the flakes in the
composite, we perform a statistical sampling by repeating each
calculation for many (=2000) random graphene distributions
within the film. By comparing our calculations (Figure 4a, red
curve), with the experimental absorption A (Figure 4a, black
curve),®!l we estimate that a 27% overall absorption translates
to N =20. A similar agreement around this value is evinced
from Figure 4b, where the simulation is compared with a
linear superposition approximation based on A=Nmo/ngyva,
with o the fine structure constant. It is also worth noting that
N =20 corresponds to a total equivalent thickness (considering
perfectly aligned monolayers) ty - 5o = 6.6 nm. In this case,
the @g/@smma can be estimated considering the graphene/
SMMA thickness ratio (ty - 0/tsmma) Per equivalent area (being
ty = 20 << tspma), resulting in @/ @syma = 0.019% which falls in
the same order of magnitude of the volume fraction estimated
by TGA. The difference between the two values of @, /@smma
estimated by TGA and optical absorption is attributed to the
limit of resolution of the two characterization instruments.

2.3. Graphene-SMMA Mode-Locked Fiber Laser

The graphene-SMMA composite is used to mode-lock a fiber
laser. For our experiment, we use a fiber laser with anoma-
lous negative dispersion.’’ We first measure its nonlinear
optical transmittance as a function of the input pump power,
Figure 5a, using a 600 fs pulse source with 4 MHz repetition
rate at 1550 nm. The maximum optical fluence is 140 pJ cm™,
corresponding to a =0.9% change in transmittance, typical of
graphene-polymer SAs!"® and comparable to that observed in
other 2D material-polymer SAs (such as MoS,).”?! The gra-
phene-SMMA SA is then inserted into a fiber laser device to
form the mode-locker (Figure 5b). The laser setup (Figure 5b)
is a ring cavity pumped by a 980 nm laser diode (LD) via a
wavelength division multiplexer (WDM), with 1.25 m erbium
doped fiber (EDF) as the gain medium. Unidirectional oper-
ation of the cavity is ensured by an optical isolator (ISO). A
polarization controller (PC) is inserted into the cavity for the
optimization of the intracavity polarization state. The laser
output is directed through a 20% port of an output coupler.
Figure 6a plots the optical spectrum. The full width at half
maximum (FWHM) of the output spectrum is 9.8 nm. The
spectrum features side-bands, which are typical characteris-
tics of soliton-like pulse formation due to periodical intracavity
perturbations. The autocorrelation trace of the output pulses
(Figure 6b), measured by a second harmonic generation (SHG)
autocorrelator, shows a FWHM of =502 fs; using a sech? tem-
poral fitting, a =326 fs pulse width is obtained after decon-
volution. The time bandwidth product (TBP), the product of
pulse duration (in seconds) and spectral width (in Hertz)
is a measure of the output pulse quality.'>%! We obtained
TBP = 0.33, close to the theoretical value of 0.315 for
transform-limited sech? pulses.l”” The spectral width, pulse
duration, and TBP are comparable to those of previous
graphene mode-locked fiber lasers.[':27:3¢]
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Figure 5. a)Transmission of the graphene-SMMA composite as a func-
tion of the input optical fluence. b) Scheme of the fiber laser setup. Laser
diode (LD), wavelength division multiplexer (WDM), erbium-doped fiber
(EDF), isolator (ISO), and polarization controller (PC).

2.4. Stability of Graphene—Polymer Mode-Locker

We then investigate the laser operation stability against different
environmental conditions. We use both graphene-SMMA and
graphene-PVA SAs (prepared as in ref. [15]) to mode-lock the
same fiber laser setup (Figure 5b) at =21 °C and =40% humidity.
Both show stable mode-locking over more than 30 h. We then
repeat the measurement with the graphene-PVA mode-locker
completely immersed in water at =60 °C to simulate acceler-
ated adverse environmental conditions (Figure 7). Under these
extreme conditions, after =38 min the laser switches to con-
tinuous wave (CW) operation (Figure 8a). The corresponding
spectra of the laser operation in this case after 10, 32, and
40 min (shown in Figure 8b) show three distinct behaviors:
mode-locking (black curve); CW breakthrough (red curve); and
CW (blue curve). We attribute this to the solubility of PVA in
water.®!] On the other hand, the graphene-SMMA modelocked
laser shows stable continuous mode-locking (Figure 8c) for
more than 1800 min under water immersion. Optical output
spectra of the SMMA-graphene laser acquired after 600 min
(black curve), 1200 min (red curve), and 1800 min (blue
curve) (Figure 8d) show no significant difference. This
indicates no effect on the composite stability with the changes
in temperature (=21-60 °C) and humidity (=40-100%).
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Figure 6. Output characteristics of ultrafast lasers mode-locked by gra-
phene-SMMA SA. a) Optical spectrum with bandwidth 9.8 nm. b) Auto-
correlation trace with sech? fit.

The above observation is corroborated by Raman analysis. We
characterize the graphene-PVA SA by Raman spectroscopy,
before and after the laser operation under water immersion
(=60 min laser running). Figure 9a,b plots the Raman spectra
(black curve) of the optical fiber (Corning SMF-28 Ultra Optical

— :::\j;; DI water

= ”z\'f:—\::;\-["GOOC

Figure 7. Scheme of GPSA mode-locker immersed in water at T = 60 °C
to simulate accelerated adverse environmental conditions.
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Figure 8. a) Spectra as function of time for PVA-gaphene laser under water immersion. b) Optical spectra of PVA-graphene laser acquired after 10 min
(black curve), 32 min (red curve), and 40 min (blue curve) of water immersion, respectively. c) Spectra as function of time for SMMA-graphene laser
under water immersion. d) Optical spectra of SMMA-graphene laser acquired after 600 min (black curve), 1200 min (red curve), and 1800 min (blue

curve) of water immersion, respectively.

Fiber), featuring the Si—O stretching (<1000 cm™!) and bending
(=500 cm™) modes typical of glassy silicates.”® The red curve
of Figure 9a (also zoomed in Figure 9b, for clarity) corresponds
to the Raman spectrum of pure PVA (red curve). This is charac-
terized by an intense band at =2800-3200 cm™, corresponding
to the C—H symmetric and antisymmetric stretching vibra-
tions of CH, and CHj functional groups in PVA.%%7-% The

peak at 1730 cm™! is attributed to C=0 stretching modes,!*’~]

whereas the weaker bands at =1443 c¢cm™ and 1357 cm™
are due to CH, antisymmetric and symmetric deformation,
respectively.’’-l The peak at =1139 cm™ is due to C—O
stretching,”l and the weak bands in the spectral region
~850-920 cm™! arise from C—C stretching modes.”’%’1 The
peak at =632 cm™! corresponds to C=0 out-of-plane bending

' ' " pare fibre

T .
i a) — bare PVA

i —— PVA on fibre

- —— Graphene-PVA
—— after immersion

T
—— bare PVA
—— bare fibre

I G 2D

Intensity(a.u.)

S

—

Raman shift (cm™)

500 1000 1500 2000 2500 3000

700 1400 2800 3200

Raman shift (cm™)

Figure 9. a) Raman spectra of optical fiber (black curve), PVA polymer (red curve), PVA polymer placed on the optical fiber (blue curve), graphene-
PVA composite (green curve) on the optical fiber, before immersion in water, and graphene-PVA composite (magenta curve) on the optical fiber, after
immersion in water. b) A zoom-in of the Raman spectra of the optical fiber (black curve) and PVA polymer (red curve) shown in (a).
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modes.l””-%’l The Raman spectrum of PVA placed on the optical
fiber (blue curve, Figure 9a) contains both the Raman fea-
tures of the fiber and those of pure PVA. The spectrum of the
graphene-PVA composite (green curve) placed on the optical
fiber confirms the presence of graphene flakes, as indicated by
the D, G, D/, and 2D peaks. The overall spectrum is in fact a
superposition of that of the graphene flakes (Figure 2a, green
curve), that of the pure PVA, and that of the optical fiber. The
magenta curve in Figure 9 corresponds to the Raman spectrum
measured on the same position on the optical fiber after mode-
locking failure in water immersion (=60 min). The Raman
signatures of the optical fiber are evident by comparing this
Raman spectrum with that of the optical fiber (black curve).
After a point-to-point subtraction of the Raman spectrum of
the fiber (black curve) from the Raman spectrum of the com-
posite after immersion (magenta curve), no D, D’, G, and 2D
peaks could be detected. A weak additional mode at =2900 cm™!
is present, attributed to residual PVA on the fiber. This indi-
cates that water can indeed penetrate through the fiber con-
nectors and reach the composite sandwiched in between.
On the other hand, when a graphene-SMMA SA is used as
mode-locker immersed in water at =60 °C, the laser operation
is stable for a long time (more than 1800 min) under water
immersion, Figure 8c. Figure 8d shows stable optical spectra
of graphene-SMMA SA after 600 min (black curve), 1200 min
(red curve), and 1800 min (blue curve) of water immer-
sion, respectively. Raman analysis of the graphene-SMMA
SA before (Figure 2a, red curve) and after (Figure 2a, orange
curve) the laser operation under water immersion (more than
1800 min) confirms no change of the graphene-SMMA SA.
Our results show that the graphene-SMMA SA can withstand
high humidity and temperature conditions, offering a stable
mode-locking over long time. On the other hand graphene-
PVA SA (well known polymer SA for photonics) is damaged by
water and high temperature, resulting in abrupt mode-locking
cessation.

3. Conclusion

We fabricated a homogeneous surfactant-free graphene-
SMMA composite and shown its viability as SA. SMMA
provides high optical transparency of the host polymer
in the visible-IR range and superior thermal stability. We
also reported a Erbium-doped Fiber Laser mode-locked by
graphene-SMMA composite, at room conditions and under
water immersion at 60 °C for more than 1800 min. Such a
high stability of the graphene-SMMA composite under
adverse environmental conditions along with its excellent
nonlinear properties could provide a simple, low-cost optical
component for ultrastable photonic devices.
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