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In recent years, graphene and its compounds (e.g., oxides) have been used as saturable absorbers in pas-
sive @-switched and mode-locked lasers, leading to the fabrication of compact pulsed fiber lasers. In this
article, we study the operation of a @-switched ytterbium-doped fiber ring laser based on a composite
saturable absorber made of graphene oxide and chromium. We show that the addition of a thin layer of
chromium can lead to pulse durations ranging from 3.5 to 9.4 ps and subsequently increasing the laser

peak power. © 2014 Optical Society of America
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1. Introduction

Carbon is an essential component of life on Earth and
has two stable (12C and '3C) and one radioactive (1*C)
isotopes. Carbon has six electrons, which are distrib-
uted among 1s, 2s, and 2p orbital states. Electrons in
carbon can form hybrid covalent bonds whereas one
electron is distributed throughout the crystal, form-
ing o and z bonds [1]. In the case of graphene, atoms
of carbon are arranged in a 2D honeycomb lattice
with a nearest neighbor distance of about 1.42 A.
Graphene behaves like a zero-gap semiconductor
[2], exhibiting many interesting properties, such as
high electron mobility, strong nonlinear Kerr effects,
high thermal conductivity, saturable absorption, and
high mechanical strength [3,4]. The addition of
hydroxyl, epoxyl, and carboxyl groups to the quasi-
2D lattice of graphene leads to the creation of
graphene oxide, which is easier to manipulate and
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attaches to many different materials without signifi-
cant effort [5].

The optical properties of graphene arise from the
interaction of photons and electrons in the structure:
if the energy of the incoming photon is twice above its
Fermi level, the linear absorption is about 2.3% per
single graphene layer [1]; however, this absorption
decreases at higher power levels, making graphene
useful in saturable absorber and nonlinear optic
applications. In addition to that, graphene-based
devices can operate in a wide range of frequencies,
from microwaves to optical frequencies, making gra-
phene a good material for broadband applications.

Since the amount of light that is absorbed by
graphene-based compounds changes with input
power, graphene has been used as a saturable
absorber in passive @-switched and mode-locked
lasers [4-12]. In contrast to semiconductor saturable
absorbers (SESAMs), graphene can be easily depos-
ited on the optical fiber end, does not require colli-
mating devices such as lenses, and can operate
over a wide range of wavelengths. In fact, graphene
has already been used as a saturable absorber in
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many different doped fiber systems, such as erbium-
doped [9] and thulium-doped [10,11] fiber lasers.
In fact, the first thulium @-switched/mode-locked
graphene laser was reported by Ahmad et al. in
2012 [10].

Q-switching generally relies on initially prevent-
ing the laser cavity from oscillating while the popu-
lation inversion is built in the active medium (the
temporary halt of oscillations can be achieved by
either removing the cavity feedback or strongly
increasing the cavity losses) and thereafter restoring
the cavity oscillations by drastically increasing its
quality factor (@) [13]: high peak optical pulses are
then produced. The switching of the cavity @ can
be achieved either actively (e.g., using an external
modulator) or passively (e.g., using a saturable
absorber). Some actively @-switched lasers use
acousto-optic modulators to deflect light from the
cavity while the population in the upper level builds
up [14-16] and then returns the optical beam back to
the cavity by switching off the modulator. Another
way to produce active @-switching in optical fibers
is by dynamically shifting the reflectivity peak of
one of the grating reflectors by pumping the grating
with a second pump laser [17]. Passive @-switched
lasers generally use saturable absorbers whose ab-
sorption depends upon the intensity of the incident
light like graphene. In addition to graphene, other
materials and fibers can be used as saturable absorb-
ers such as thulium-doped fibers [18], Cr** : YAG and
its compounds [19,20], semiconductor heterostruc-
tures [21], carbon nanotubes [12], and CaFy [22].

In addition to @-switching, generation of high peak
pulses can be produced by mode-locking [13] or
gain-switching [23—25]. Mode-locked lasers generally
produce shorter pulses than @-switched and gain-
switched lasers. In gain-switched lasers, the gain
of the active medium is “externally controlled” by
switching on/off the pump laser: when the pump
laser is on, the laser reaches its threshold, and there-
after the population in the upper level builds up
exponentially [23] and, when the pump is turned
off, the population in the upper level decays rapidly
producing short pulses. It generally does not require
saturable absorbers and the scheme is especially
attractive in the mid-infrared range where optical
components are more expensive and harder to find.
Moreover, gain-switched lasers are simpler, can oper-
ate in narrow linewidths and their principles can be
extended to a wide variety of wavelengths [23].

Ultrafast lasers can be constructed by using either
active or passive mode-locking [13]. Again, passive
mode-locked lasers rely upon saturable absorbers,
such as quantum well-based devices, carbon nano-
tubes, and graphene [12]. In contrast with quantum
well-based saturable absorber, carbon nanotubes and
graphene saturable absorbers do not require exten-
sive alignment with the fiber, are cheaper, and can
operate in a wide range of wavelengths with different
doped fiber systems, such as Nd:YAG, erbium-, yt-
terbium-, and thulium-doped fibers. Peak powers
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as high as few hundred kilowatts and pulse dura-
tions as low as 60 fs have been achieved with carbon
nanotube saturable absorbers, while sub-200 fs
pulses have been achieved with graphene. Graphene
can operate over a larger bandwidth than carbon
nanotubes and quantum wells [12].

One of the main advantages of graphene oxide is
that it can be purchased in powdered form and can
be easily dissolved into water [9] or isopropryl alcohol
[26]. Once the platelets are dispersed into a liquid
solution, they can attach to the fiber end due to
the thermophoresis effect [9], not requiring extensive
chemical or material growth processes.

In addition to graphene oxide, other materials,
such as chromium, have been used as saturable
absorbers for ytterbium-doped fiber lasers. In this
work, we study the effects of adding a thin layer of
chromium to a graphene oxide saturable absorber.
We show that the addition of an adequate thin layer
of chromium can lead to a reduction in the pulse du-
ration of @-switched ytterbium-doped fiber laser.

2. Sample Preparation and Raman Spectrum

In order to produce graphene oxide, it is necessary to
make graphite oxide first. Graphite oxide can be
made by oxidizing graphite with different types of
solutions such as a mixture of sulphuric acid and
potassium permanganate (Hummers’ method [27]).
After making graphite oxide, graphene oxide can
be produced by exfoliating graphite oxide. Both gra-
phene and graphene oxide have been used in pulsed
lasers [12], but graphene oxide is cheaper and more
prone to mass production than graphene, can be
easily bond to a large variety of polymers and mate-
rials, and is more chemically stable than graphene
[28]. The electrical conductivity of graphene oxide
is lower than graphene but the conductivity depends
upon the degree of oxidation—in our case, we have
less than 1% oxygen content according to the vendor
[26], so the properties of the graphene oxide platelets
should be very close to pure graphene. On the other
hand, as argued by Paredes et al. [29], graphene
oxide has more structural disorders than pristine
graphene, which can lead to more scattering of light
and larger losses.

In our case, we purchased graphene oxide powder
from a commercial vendor [26]. The powder is then
dispersed into isopropyl alcohol (IPA). After dispers-
ing graphene oxide into IPA, the solution is mixed
during 30 min by using an ultrasonic bath. Finally,
the optical fiber is immersed in the graphene oxide
solution, and some graphene platelets are attached
to the fiber. Finally, the fiber is dried in a low power
furnace during 20 min. As explained by Ahmad et al.
[9], graphene oxide is then formed at the end of the
fiber by thermophoresis [6]. After heating the fiber,
IPA also completely evaporates, leaving only gra-
phene platelets at the fiber end.

The Raman spectrum of the deposited graphene
oxide layer is shown in Fig. 1. Three Raman modes
can be identified in this spectrum: the G-mode, as a
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Fig. 1. Raman spectrum of the graphene oxide formed on the

fiber’s end.

result of the bond stretching of sp? atoms in the
crystalline structure; the D-mode, which arises from
the breathing modes of sp? atoms in a ring, and the
2D-mode, which is the result of second-order two-
phonon processes [5]. In a well-ordered graphene,
the D-mode is very weak, and the 2D-mode is strong.
The appearance of a strong peak for the D-mode
indicates the presence of graphene oxide: the D-
mode is related to disorder in the 2D lattice of
graphene (in graphene oxide, there are out-of-plane
bonds of carbon atoms with hydrogen and oxygen
atoms [5]).

Whenever chromium is used, it is deposited on top
of the graphene oxide layer by using an electron
beam evaporator [30]. Metal thicknesses are varied
from 10 to 100 nm. As an initial task, the low
power absorption, reflectivity, and transmissivity of
different thicknesses of chromium are calculated to
understand the linear effects of adding chromium
to the fiber, the calculations are based upon 3D
FDTD simulations. The computational areas are
terminated by perfectly matching layers and a
Gaussian source with spot-size diameter of 6 pm is
used in the simulations [31,32]. Light is launched
into a fictitious optical fiber with refractive indices
of 1.45 (core) and 1.44 (cladding), somewhat mimick-
ing a typical weakly guiding optical fiber. A thin layer
of chromium is sandwiched between two portions of
fiber. Simulations are run at the free-space wave-
length of 1094 nm where the emission of a ytterbium
fiber laser is centered. Chromium is modeled as a
lossy and dispersive medium with multiple resonant
frequencies [33], and the dispersion data is imported
from the material library of Fullwave software [34].
Figure 2 shows the transmissivity (solid curve),
absorption (solid curve with square markers), and
reflectivity (dotted curve) of a chromium layer as a
function of its thickness. Based upon these simula-
tions, it can be concluded that for thicknesses beyond
20 nm, chromium absorbs nearly 40%-50% of the
incoming light. For thicknesses higher than 50 nm,
chromium absorbs about 40%-50% of the incoming
light while the remaining power is reflected; it
should be emphasized that this is only true at low
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Fig. 2. Linear transmissivity (solid curve), reflectivity (dotted
curve), and absorption (solid curve with square markers) for
different thicknesses of chromium.

powers since at high powers, absorption of chromium
reduces drastically.

3. Experimental Results

The experimental setup is shown in Figs. 3(a) (sche-
matic of setup) and 3(b) (actual constructed fiber
laser); it is, basically, a ring laser that is pumped
by a 980 nm continuous wave (CW) laser coupled
to a 100 um multimode fiber. The power coupled to
the multimode fiber can be varied from 0 to 1.5 W,
but after passing through the WDM coupler, the
maximum power is reduced to 800 mW. The CW laser
can be externally modulated (ON—-OFF shift keying)
at a maximum repetition rate of 2 kHz (minimum
repetition period of 0.5 ms). The duty cycle is chosen
as 50%. The WDM coupler allows the 980 nm pump
power to reach the double-cladding fiber, but does not
allow any 1094 nm generated light to come back to
the pump laser. After passing through the WDM
coupler, 980 nm pump light travels through 6 m of
double cladding highly doped ytterbium fiber (YB
1200-6/125 DC), in which the pump light propagates
inside the first cladding while it is slowly absorbed by
the core. The core diameter of YB 1200-6/125 DC is
about 5.5 pm; thus the fiber is single-mode in the
wavelength range around 1094 nm. After passing
through 6 m of this ytterbium-doped fiber, more than
90% of the pump power is absorbed by the doped fiber
core. When the ytterbium-doped fiber is pumped at
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Fig. 3. (a) Schematic of the experimental setup using in our
experiments. (b) Photograph of the constructed laser.
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980 nm, it excites a laser transition from 2Fj,5 to
2F, /2 energy levels of ytterbium atoms, resu{ting
in an emission wavelength around 1094 nm. 1 m
single-mode passive fiber (Corning HI 1060 fiber)
is spliced to the YB-1200-6/125 DC fiber by using a
FSM-70S commercial and professional fusion splicer;
the passive fiber has a mode-field diameter of about
6 pm at 1060 nm (similar to the core diameter of the
ytterbium-doped fiber), which keeps the single-mode
signal at 1094 nm signal in the loop, but significantly
dumps the remaining pumped power, which is not
absorbed by the 6 m of ytterbium fiber (the measured
pump power is reduced by more than 100 times after
going through the passive fiber). At the other end of
the fiber, the saturable absorber is placed and then
connected to another single-mode fiber and an
optical isolator. The optical isolator guarantees that
the generated signal circulates only in the clockwise
direction and avoids any spurious reflected signal to
go back to the active ytterbium fiber. A 90:10 coupler
is then used to couple 10% of the circulating laser
signal to either a fast detector (rise time of 1 ns)
followed by an oscilloscope, optical spectrum ana-
lyzer, or power meter. It should be mentioned that
the circulating power is kept below 300 mW to avoid
damaging the 90:10 coupler.

The absorption of photons (massless Dirac
Fermions) in 2D periodic structures can be expressed
in terms of the fine structure constant: the absorp-
tion coefficient a, i (percentage of the incident power
that is absorbed by a single graphene layer) is given
by [1]

2
nepe
Gga = g M

where c is the speed of light in vacuum, y, is the mag-
netic permeability of vacuum, e is the elementary
charge, and % is Planck’s constant. Calculation of
Eq. (1) shows that each graphene layer absorbs about
2.3% of the incident light when the energy of the in-
cident photon is more than twice the Fermi energy
level. Each graphene oxide platelet contains N,
layers of graphene, which are not uniformly spaced,
meaning that the total absorption of each platelet is
given by N,a,q; however, the number of platelets
that are ef%ectively attached to the fiber end is
difficult to determine (the vendor informed that
the average number of graphene layers per platelet
is about six). Moreover, the aforementioned formula
calculates the linear absorption while the overall
absorption changes with the power that reaches
the graphene oxide platelet. A more comprehensive
formula for the absorption of a graphene platelet is
given by [35]

Q)
P cire

= +ay, (2)
1 + Is.gerff

Qgo

where ag, is the absorption of the graphene platelet,
a, 1is the nonlinear absorption coefficient as
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described in [16], P, is the power circulating the
ring laser, A is the effective area of the fiber, I,
is the saturation intensity of graphene (ranging from
0.61 to 0.71x 1010 Wm™2), and «; is the linear
absorption of graphene.

In principle, the total absorption of a combined
chromium and graphene oxide saturable absorber
can be modeled as

Qtotal

= Ggo + abSapax (1 - agp) |:1 - exp (%)} 3)

Is.cx‘Aeﬂ'

where a.,, is the total absorption coefficient, a, is
the linear absorption coefficient of chromium
(~1.6 x 108 m™), I, is the saturation intensity of
chromium with typical value of 1x 107 Wm™2), [,
is the thickness of the chromium Ilayer, and
absa,,,, is the maximum absorption for a given thick-
ness. Note that chromium absorbs more light than
graphene oxide and has significantly lower satura-
tion intensity.

In the first experiment, the saturable absorber
consists of only graphene oxide. The repetition rate
is chosen as 1 kHz (our 980 nm CW laser is limited
with repetition rates below 2 kHz). The peak pump
power in Fig. 4(a) corresponds to 180 mW. The dura-
tion of the pulse (FWHM) is about 9.24 ps, which is
similar to the duration of pulses in erbium (7.9 ps [9])
and thulium (10.5 ps [10]).

If the peak pump power is increased to 220 mW,
multiple pulses start to appear in each period. This
can be observed in Fig. 5(a) at a peak pump power
P,ymp = 260 mW. The duration of the main pulse
also decreases as power increases. Figure 5(b) shows
the emission spectrum, whose shape is similar to the
one found in [9]. The emission peak is broad with
several peaks as was observed by Ahmad et al. [9].
Because of our detector limitation, it is difficult
to observe the whole peak; however, as can be seen
in Fig. 5(b), the lasing peak is centered around
1095 nm. The spectrum in Fig. 5(b) seems to be cut
at wavelengths above 1100 nm because the photo-
detector of the spectrum analyzer is made of silicon:
silicon detectors have a cut-off wavelength close to
1100 nm. In addition to that, the spectrum in
Fig. 5(b) exhibits multiple peaks because of
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Fig. 4. (a) Pulse generated by graphene oxide @-switched
ytterbium laser. (b) Sequence of pulses at a repetition rate of
1 kHz.
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Fig. 5. (a) Sequence of pulses at Py, = 250 mW. (b) Power
spectra of the @-switched laser with graphene oxide only.

perturbations in the cavity and the presence of
multiple longitudinal modes in the gain spectrum
of the laser [9].

In case that, only chromium is used as saturable
absorber, the variation of chromium thickness (from
5 to 40 nm) in the ring resonator does not signifi-
cantly change the pulse duration. The average pulse
duration of the @-switched pulses remains roughly
4.5 ps. If the pump power is increased, secondary
pulses start to appear in each period similarly to
what is shown in Fig. 5(a).

When a thin layer of chromium is added to gra-
phene oxide, the duration of @-switched pulses
changes with chromium thickness as shown in Fig. 6:
the duration of the pulses is initially 9.4 ps (graphene
oxide only), decreases as the chromium layer
becomes thicker and then reaches saturation at
thicknesses above 50 nm (large amount of chromium
masks the presence of graphene oxide). It is interest-
ing to note that the duration of the pulses reaches a
minimum when the thickness of chromium is about
30 nm; the minimum duration of the pulse is about
3.5 us somewhat below the average duration of
pulses with only a thin layer of chromium. The laser
was left to operate over 30 min for each thickness,
and the pulse profile remained the same. The square
markers show the experimental data points in the
plot while the solid curve is an average interpolated
curve of the experimental data.

The presence of chromium affects the saturable
absorber in different ways, such as shifting the Fermi
level of the graphene layers [35] and increasing the
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Fig. 6. Duration of pulses as a function of the thickness of
chromium layer.
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Fig. 7. (a) Single pulse at peak pump = 200 mW. (b) Two pulses

at peak pump = 300 mW.

absorption of light in the saturable absorber;
the overall absorption of light is increased and the
saturation intensity is reduced as well. In fact, in
Q-switched lasers, it is desirable to have a high non-
saturable absorption and low-saturation intensity;
[36] what is achieved by the addition of chromium.

Figures 7(a) and 7(b) show pulses for 30 nm of chro-
mium added to graphene oxide at different power
levels: (a) at Ppyy,, = 200 mW when a single pulse
per repetition period is observed and (b) at Py, =
300 mW when two pulses per repetition period
are observed. At Py, = 200 mW, the duration of
the pulse is about 3.5 ps. We observed a single pulse
from the peak pump threshold level to about
Ppump = 250 mW.

We measured the reflectivity (R;;) and transmis-
sivity (Th,) at low power for different thicknesses
of chromium (/.,) and the results are shown in
Table 1.

From Table 1, it can be observed that the highest
absorption takes place for a chromium thickness of
30 nm, giving an initial indication that we may ex-
pect a higher modulation depth for this thickness.
The spot size diameter in the measurements was
10 um, but the power that actually reached the
sample through the micro-photoluminescent setup
was considerably lower than the incident power.

We plot the total absorption [Eq. (3)] as a function
of the circulating power (P,.) in Fig. 8. The values of
absorption for chromium at low powers are taken
from our measured values while other parameters
for chromium and graphene oxide are taken from
Bao et al. [35] and Oliveira and Zilio [37]. In this plot,
it is assumed that the spot size diameter is 6 pm to
simulate our fiber. The solid curve shows absorption

Table 1. Measured Reflectivity (R,) and Transmissivity (7);)
as a Function of the Chromium Thickness (/) for Low
Incident Power (P = 5 mW); Absorption is Calculated as

A,=1-R,-T,

Il (nm) Ty Ry, App

20 0.21 0.32 0.47
30 0.15 0.35 0.50
40 0.09 0.43 0.48
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powers for 20 nm of chromium (solid curve with triangular
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marker) plus graphene oxide.

as a function of P, for 30 nm of chromium plus
graphene oxide (solid curve) and solely graphene
oxide (dotted curve). It is evident that, at low powers,
the addition of chromium leads to a significantly
increase of the absorption of the saturable absorber
and that chromium saturates much faster than gra-
phene oxide. The two curves converge at high powers,
but the modulation depth increases considerably
with the addition of chromium. In the inset of Fig. 8,
it can be observed that the highest nonsaturable ab-
sorption occurs for a thickness of 30 nm (solid curve),
leading to a higher nonsaturable absorption and a
higher modulation depth; a higher modulation depth
. = 30 nm would lead to shorter pulses. For thicker
layers of chromium, not only the absorption of chro-
mium increases but so its reflectivity.

Figure 9 shows the average circulating power
(Psr.) as a function of the peak pump power
(Ppump)- As mentioned before, the duty cycle of the
pump pulses is 50% with a repetition rate of
1 kHz. The data with square and triangular markers
correspond to the cases when only graphene oxide
and graphene oxide plus 30 nm of chromium are
used, respectively. The higher absorption of chro-
mium leads to lower circulating power as is observed
in Fig. 9, but not significantly lower since only a
small amount of chromium is being used.
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Fig. 9. Average circulating power (Py;,.) as a function of the peak
pump power (Pp;mp).
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Fig. 10. (a)Duration of the main pulse as a function of peak pump
power (Ppymp). (b) Main peak at Py, = 400 mW.

The duration of the main pulse changes with peak
pump power (Pp,,,) as shown in Fig. 10(a). When
only graphene oxide is used [rhombic markers in
Fig. 10(a)], the duration of the main pulse decays al-
most exponentially with the increase of peak pump
power, until it reaches saturation at higher powers.
The behavior is different when 30 nm of chromium is
added to graphene oxide; the rate of change in
duration is slower as can be seen in the data points
with square markers, and the pulse duration reaches
values below 800 ns [as shown in the inset in
Fig. 10(b)]. However, it should be reminded that,
at high pump powers, multiple peaks appear in
the repetition period. These peaks could be merged
together if the repetition rate is increased, as was
done in [9], but might become a problem at low
repetition rates and is a result of relaxation of
carriers in the gain medium. Also the separation
between neighboring pulses change with the pump
power what is undesirable.

The presence of “spikes” in the pulse shown in
Fig. 10(b) seems to indicate a transition to an
intermediate state, which is called @-switching
mode-locked regime [21]: an increase of power can
lead to significantly shorter pulses in the repetition
period. The average circulating power can be
calculated as

1 (05T,
m Penv (t)dt (4)
Tr -0.5T,

r

P circ —

where P, (¢) is the envelope function of the circulat-
ing power and 7', is the repetition period. The peak
power can be roughly estimated as

p peak ~P circTr/ tmainpeaka (5)

where tyainpeak 15 the FWHM duration of the main
peak. For example, at P, = 200 mW, the duration
of the pulses are 8.4 and 3.4 ps for graphene oxide
only and composite mixture of graphene oxide
and 30 nm of chromium, respectively, leading to
peak pulses of approximately 2.70 and 4.85 W,
respectively.



4. Conclusions

In this article, we studied a composite saturable
absorber made of a mixture of chromium and gra-
phene oxide. The addition of 30 nm of chromium
leads to a reduction in the duration of pulses to
3.5 ps, which could be attributed to a larger non-
saturable absorption of light by chromium and its
reduced saturation intensity. The properties of chro-
mium become predominant over graphene oxide
when the thickness of chromium exceeds 40 nm.
The peak power can also be increased by the addition
of a thin layer of chromium. The laser operated
steadily with the addition of a thin layer of chromium
at high powers, and the duration of pulses could
reach 800 ns but at the expense of generating addi-
tional secondary pulses.
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