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High-quality, large-area monolayer graphene for efficient
bulk laser mode-locking near 1.25ym
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High-quality monolayer graphene as large as 1.2 x 1.2cm? was synthesized by chemical vapor deposition and
used as a transmitting saturable absorber for efficient passive mode-locking of a femtosecond bulk solid-state
laser. The monolayer graphene mode-locked Cr:forsterite laser was tunable around 1.25um and delivered
sub-100 fs pulses with output powers up to 230 mW. The nonlinear optical characteristics of the monolayer graphene
saturable absorber and the mode-locked operation were then compared with the case of the bilayer graphene

saturable absorber.

OCIS codes: 140.4050, 140.3580, 160.4236, 160.4330.

Low-dimensional carbon nanostructures such as carbon
nanotubes (CNTs) and graphene have been widely inves-
tigated for optoelectronic and photonic applications due
to their unique characteristics [1,2]. In particular, single-
walled CNTs (SWCNTs) turned out to be very promising
nonlinear saturable absorber materials for ultrafast laser
mode-locking. Recently, by utilizing the nonlinear ab-
sorption in F;; and Ey; electronic transitions of semicon-
ducting SWCNTSs, passive mode-locking of fiber and bulk
solid-state lasers has been successfully demonstrated at
different wavelengths between 800 nm and 2.0 ym [2-6].
As another alternative, graphene, i.e. a two-dimensional
lattice of carbon atoms arranged in a hexagonal struc-
ture, is newly suggested as a suitable material for
broadband saturable absorption. Two distinct carrier re-
laxations of ~100fs and <2 ps, associated with carrier-
carrier intraband scattering and electron-hole interband
recombination processes, respectively, were reported in
the previous time-resolved spectroscopic investigation at
780nm [7]. Graphene is a point-bandgap semiconductor
with a linear energy dispersion of Dirac electrons that
enables the use of it as ultrafast saturable absorbers ap-
plicable in the ultrabroad spectral range without bandgap
engineering, while the spectral applicability of SWCNT-
SAs is limited by diameters and chiralities of currently
available SWCNTs.

Most previous investigations on laser mode-locking
employing graphene-based saturable absorbers (gra-
phene SAs) were focused on fiber lasers near 1.0 and
1.5pum, including the first demonstration [2], where
graphene layers of not well-defined layer numbers,
graphene/polymer composites, and graphene flakes pro-
duced by liquid-phase exfoliation, mechanical exfolia-
tion, or chemical vapor deposition (CVD) methods were
mostly used as the mode-locker after transferring them
onto fiber pigtails [2,8,9]. In those cases, the output
powers were limited in the level of 1 mW or even lower
and the linear and nonsaturable losses were quite large,
not applicable for bulk lasers. There are two previous de-
monstrations on bulk laser mode-locking using graphene
SAs, where ceramic Nd:YAG and bulk Nd:GdVO, crystal
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served as the gain media [10,11]. The generated pulses
near 1 ym were about 4-16 ps long and the insertion loss
in the laser cavity seems to be still too high for a stable
bulk laser mode-locking. Recently, we reported for the
first time the applicability of monolayer graphene as a
mode-locker for femtosecond bulk solid-state lasers
[12]. In this Letter, we present the fabrication of high-
quality monolayer and bilayer graphene SAs and their
nonlinear optical characteristics such as nonlinear trans-
mission and response behaviors. The monolayer gra-
phene SA mode-locked bulk laser operating near 1.25 ym
enables us to deliver stable 94 fs pulses with average out-
put powers up to 230 mW at a repetition rate of 75 MHz.
Note that the widespread mode-locking devices such as
semiconductor saturable absorber mirrors (SESAMs) for
this wavelength have not been well developed to a ma-
ture level, except for some initial demonstrations.

A similar technique reported in [13] was applied
for growing high-quality, large-area graphene films. The
monolayer graphene was synthesized by CVD of the mix-
ture of methane and hydrogen gases on Cu foils at
1000 °C. After spin-coating the well-grown graphene
monolayer with 5wt.%  polymethyl-methacrylate
(PMMA) in chlorobenzene, the underlying Cu foil was
etched by 0.5M aqueous FeCl; solution. Subsequently,
the graphene layer supported by PMMA was transferred
onto a 1in. quartz substrate without any intense mechan-
ical and chemical treatments and dried on a hot plate at
80 °C. Finally, acetone was used to remove the PMMA
layer. The measured Raman spectra show that the trans-
ferred graphene film consists of >95% monolayer.
Furthermore, a layer-by-layer stacking of monolayer
graphene enables a defined increase in the number of
layers. Figure 1 shows the linear transmission of the
monolayer and bilayer graphene with photographic
images of both transmitting graphene SAs (inset). The
size of the graphene layer transferred onto the substrate
was >1.2 x 1.2 cm?.

The linear transmission of the monolayer graphene
around 1.25pym was measured to be 97.6%, which
nearly approaches the theoretical value given by
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Fig. 1. (Color online) Linear transmission of monolayer and
bilayer graphene and photographic images of SAs (inset).

T =1 - na=97.7% and therefore indicates its high qual-
ity. Here, a denotes the fine-structure constant [14]. For
multilayer graphene, the absorption loss is given by
an integer multiple of 2.3% per additional layer. It agrees
well with the measured transmission of our bilayer gra-
phene sample shown in Fig. 1.

The nonlinear response dynamics of the graphene SAs
were investigated at 1.25um by time-resolved pump-
probe measurements using a near-infrared optical param-
etric oscillator (Coherent Inc. Mira OPO) delivering
160fs pulses. The measured pump-probe trace in the
monolayer graphene SA (Fig. 2) indicates a biexponential
decay of saturable absorption with an instantaneous re-
sponse of 155 fs with a slow 1/e recovery time of 1.45 ps.
The bilayer graphene SA shows a similar behavior.

The fast decay is associated with carrier-carrier
intraband collision and phonon emission and the slow
component is known to be caused by electron-hole inter-
band relaxation and cooling of hot phonons [15]. The re-
sponse time constants are comparable to those of
SESAMs and SWCNT-SAs [16,17].

To estimate parameters important for mode-locking,
such as saturation fluences (F,;), modulation depths
(AT) and nonsaturable losses, nonlinear transmission
measurements were performed in the monolayer and bi-
layer graphene SAs at 1.25um. The measured fluence-
dependent transmission changes are shown in the inset
of Fig. 2. From the fit to the data, we extracted AT = 0.54
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Fig. 2. (Color online) Pump-probe trace of the monolayer

graphene SA and nonlinear transmission measurements in
the monolayer and bilayer graphene SAs (inset).

and 1.30%, F, ~ 14.5 and 22.5 J/cm?, and nonsaturable
losses of 1.61 and 3.05% for the monolayer and bilayer
graphene SAs, respectively. These values are well-suited
to achieve stable mode-locking of typical bulk lasers.

For passive mode-locking of a bulk laser employing gra-
phene SAs, we used a similar Cr:forsterite laser used pre-
viously for SWCNT-SA mode-locking experiment [16]. A
Brewster-cut, 11 mm long Cr:forsterite crystal was placed
in an astigmatically compensated x-cavity between two
folding mirrors with a radius of curvature (ROC) of
—100 mm and pumped by a cw Yb:fiber laser (IPG Photo-
nics) at 1064 nm. Two highly reflecting mirrors with the
same ROC additionally formed the second cavity in the
longer arm and the graphene SA was placed near the focus
in this cavity. Depending on the absorber position the
beam size @, on the absorber could be varied between
40 and 80pm. Without dispersion compensation, the
monolayer graphene SA mode-locked Cr:forsterite laser
produced stable 7.2 ps pulses with a spectral bandwidth
of 3.6nm at 1.24 ym. The maximum output power was
260 mW. For dispersion compensation, a SF10 prism pair
was inserted in the resonator arm containing the output
coupler (OC). Characteristics of the output pulses in
the femtosecond mode-locked regime were investigated
with three OCs of different transmissions of 3.3%, 5%,
and 7% (Fig. 3). Average output powers up to 230 mW were
achieved at 75 MHz with the 5% OC. In all cases, the laser
was easily mode-locked or self-starting in a wide power
range without appearance of multiple pulsing and Q-
switching instabilities. The uniformity of the SA was
verified by changing the absorber position.

The mode-locked operation was stable for hours and
no visible damages on the absorber were observed. At
higher output than 230 mW, multiple pulsing and cw
components strongly appeared and interrupted mode-
locking. Employing the bilayer graphene SA, the mode-
locked laser with 5% OC delivered a maximum output
power of 113mW. Lower power and higher lasing and
mode-locking thresholds in this case were due to the in-
creased insertion loss through the doubled layer number.

The pulse duration was measured by the intensity auto-
correlation technique. Figure 4 shows the optical spectra
and the autocorrelation trace (inset). The mode-locked
Cr:forsterite laser could be tuned across the wavelength
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Fig. 3. (Color online) Output powers from the monolayer
graphene SA mode-locked Cr:forsterite laser for different
OCs. Solid vertical lines denote the mode-locking threshold
for each OC.
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Fig. 4. (Color online) Tunable laser spectra from the mono-
layer graphene SA mode-locked Cr:forsterite laser and the

autocorrelation trace (inset).

from 1.22 to 1.27 um by adjusting the second prism and a
knife inserted in front of OC. Narrower optical spectra at
the edge of the tuning range were caused by the limited
bandwidth of the dielectric coating of the mirrors used.

Assumption of sech?-pulse shapes indicates a pulse
duration of 94 fs in the monolayer graphene SA mode-
locked operation. The corresponding spectrum near
1.24pym with a 20nm bandwidth leads to a time-
bandwidth product of 0.37, close to Fourier limit. To ver-
ify mode-locking stability, radio-frequency (RF) spectra
were recorded in different spans (Fig. 5). The first inter-
mode beat at 74.65 MHz, measured with a resolution
bandwidth of 1 kHz, displayed a pedestal peak separation
of 62.6 dB above carrier. The inset of Fig. 5 shows a 1 GHz
wide-span measurement of the signal. The RF spectrum
with a high extinction ratio clearly shows the absence of
any kind of multiple pulsing and @-switching instabilities.

In conclusion, high-quality, large-area graphene SAs
were successfully fabricated and used for efficient bulk
solid-state laser mode-locking. The monolayer graphene
SA mode-locked Cr:forsterite laser was tunable around
1.26uym and delivered stable sub-100fs pulses with
230mW average power at 75 MHz. Because of unique
band structure and superior nonlinear optical properties,
monolayer graphene can be further applied for other
bulk lasers in the wide spectral region. Another addi-
tional advantage of graphene-based SAs is that the mod-
ulation depth can be easily varied by layer-by-layer
stacking of graphene layer.
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