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Abstract. We have investigated the broadband saturable absorption property of graphene–Bi2Te3 heterostruc-
tures and demonstrated their applications for stable harmonic mode-locking operation in a Yb-doped fiber laser
and wavelength-tunable Q-switching operation in an Er-doped fiber laser. The modulation depth of a graphe-
ne–Bi2Te3 heterostructure saturable absorber (G-Bi2Te3-SA) is dependent on the coverage of Bi2Te3 on the
graphene. By using 15%-Bi2Te3-covered G-Bi2Te3-SA with a modulation depth of 23.28% and saturable inten-
sity of 3.32 MW∕cm2, the harmonic mode-locked Yb-doped fiber laser outputs the mode-locked pulses with a
pulse duration down to 189.94 ps, spectral bandwidth of 3.5 nm, and repetition rate of 79.13 MHz (21st order of
the fundamental frequency). After inserting the G-Bi2Te3-SA with 85% coverage of Bi2Te3 on graphene into
Er-doped fiber laser cavity, whose modulation depth and saturable intensity are about 40.79% and
12.48 MW∕cm2, respectively, the wavelength-tunable Q-switched pulse with tunable wavelength range over
13.2 nm has been obtained by adjusting the intracavity fiber filter. These results suggest that the graphe-
ne–Bi2Te3 heterostructure could serve as a high nonlinear photonic device for practical applications. © 2016
Society of Photo-Optical Instrumentation Engineers (SPIE) [DOI: 10.1117/1.OE.55.8.081314]
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1 Introduction
An optical short pulsed fiber laser has versatile applications
in optical communications, material processing, fiber sensor,
medicine, range finding, and so on.1 One of the most popular
methods to generate a Q-switched and mode-locked pulse is
using the saturable absorbers (SAs), such as semiconductor
saturable absorber mirrors (SESAMs)2 and carbon nanotubes
(CNTs) SA.3 However, due to the narrow bandwidth of
SESAMs4 and high nonsaturable loss of CNTs SAs,5 low-
cost, compact, and stable broadband SAs have been explored
for short pulse generation in fiber lasers. After the first dem-
onstration of graphene as SAs for ultrafast laser photonics,6,7

there emerges a new way on two-dimensional (2-D) materi-
als-based ultrafast photonics because of the unique advan-
tages of 2-D materials, including the planar structure,
versatile energy band structures, broadband spectrum of
light absorption, and controllable light–matter interaction
(via external electric field or chemical doping).8 Two
types of 2-D materials have been successfully applied as
the effective SAs for generating the short optical pulse.
One is the Dirac-materials such as graphene9 and topological
insulators (TIs) (including Bi2Se3, Bi2Te3, and Sb2Te3).

10,11

The other is non-Dirac-materials, such as transition metal

dichalcogenides (TMDs) (including MoS2 and WS2)
12 and

black phosphorus (BP).13,14

The Dirac-materials of graphene15 and TIs16 have aroused
strong research interest in ultrafast and ultrawideband laser
photonics, because of their unique optical properties, such as
low scattering loss induced by the planar morphology,17

unique electric band structure,18,19 small band-gap,20 wave-
length-independent absorption,21 and ultrafast relaxation
time.22 The ultrashort pulse has been obtained in a mode-
locked Yb-doped fiber (YDF),23–25 Er-doped fiber
(EDF),26–35 and Tm-doped fiber (TDF)36–38 laser based on
graphene SA and TI SA from the 1 to 2 μm range.
However, the Dirac-materials of graphene and TIs have
some intrinsic disadvantages. The low light absorption of
graphene (πα ¼ 2.3% for monolayer graphene)18 limits its
light modulation ability and light–matter interaction. TIs
are a new state of quantum matter with an insulating
bulky gap on the bulk state and gapless edge on the surface
states.39,40 The heavily populated intrinsic defects of TIs,
which make their transport properties dominated by the
bulk state instead of the desired massless Dirac surface
states,41 could decrease the nonlinear optical absorption
coefficiency of TIs, such as modulation depth and saturation
intensity. Recently, the non-Dirac-materials of TMDs42–49

and BP50–55 have been found to exhibit a stronger nonlinear
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optical response and have also been incorporated into mode-
locked fiber lasers as SAs to obtain ultrashort pulse.
However, compared to Dirac-materials, these materials
have a thickness-dependent band-gap, which limits the appli-
cations for optoelectronic devices in the far-infrared range.56

Very recently, another interesting 2-D material graphe-
ne–Bi2Te3 heterostructure has attracted much attention in
photonics and optoelectronics devices.57,58 The graphe-
ne–Bi2Te3 heterostructure is fabricated by graphene and
Bi2Te3 by the van der Waals interactions between these
two materials.59 With the help of graphene, the surface states
of Bi2Te3 in the graphene–Bi2Te3 heterostructure remain
intact because of the few defects in the process of preparation
and are apparently well protected from environmental
contamination.60,61 It seems that the graphene–Bi2Te3 heter-
ostructure not only retains the characteristics of wavelength-
independent saturable absorption, but also exhibits stronger
nonlinear optical properties than that of graphene and Bi2Te3

used individually. Because of the excellent nonlinear optical
properties, graphene–Bi2Te3 heterostructures have been suc-
cessfully applied as an effective broadband SA for short
pulse generation in fiber lasers.62

Although mode-locking operation and Q-switching
operation have been reported in fiber lasers by using the
graphene–Bi2Te3 heterostructure SA (G-Bi2Te3-SA),

62 the
harmonic mode-locking operation and wavelength-tunable
Q-switching operation have not been researched in detail.
To this point, we have experimentally observed the stable har-
monic mode-locking operation and wavelength-tunable Q-
switching operation in fiber lasers based on G-Bi2Te3-SA
with different modulation depths. The 21st-order harmonic
mode-locked pulse with a repetition rate of 79.13 MHz has
been achieved in an YDF laser by using G-Bi2Te3-SA
with 15% coverage of Bi2Te3, whose modulation depth
is measured to be 23.28%. By incorporating the 85%-
Bi2Te3-covered G-Bi2Te3-SA with a modulation depth of

Fig. 1 (a) SEM and (c) nonlinear transmission curve of graphene–Bi2Te3 heterostructure sample with
15% coverage of Bi2Te3. (b) SEM, (d) nonlinear transmission curve, and (e) linear absorption spectrum of
graphene–Bi2Te3 heterostructure sample with 85% coverage of Bi2Te3.
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40.79% into the EDF laser, the wavelength-tunable
Q-switched pulse with a tunable wavelength range of 13.2 nm
has been observed by adjusting the fiber filter.

2 Fabrication and Characteristics of
Graphene–Bi2Te3 Heterostructure Sample

The preparation of the graphene–Bi2Te3 heterostructure
sample was reported in our previous papers58,62 in detail.
By precisely controlling the growth parameters, especially
the growth time in the process of chemical vapor deposition,
thin Bi2Te3 single crystals with different coverages are
grown on graphene to form van der Waals heterostructures.
Figures 1(a) and 1(b) show the scanning electron microscope
(SEM) images of graphene–Bi2Te3 heterostructure samples
with 15% and 85% coverage of Bi2Te3, respectively. After
growth, the graphene–Bi2Te3 heterostructure samples have
been transferred to the facet of the fiber ferrule as a fiber-
compatibility SA.

For the purpose of generating the short optical pulse, the
nonlinear optical response of the graphene–Bi2Te3 hetero-
structure has played an important role in the lasers. To char-
acterize the nonlinear optical response of graphene–Bi2Te3
heterostructure films, we designed a balanced twin-detector
measurement system which has been described in detail in
Ref. 63. For the graphene–Bi2Te3 heterostructure sample
with 15% coverage of Bi2Te3, the incident laser source is
a mode-locked YDF laser at 1055 nm with a pulse duration
of 8.4 ps and a repetition rate of 16.2 MHz. The available
maximum output power is about 11.12 mW. The experimen-
tal data have been well fitted by the equation
TðIÞ ¼ 1 − ΔT expð−I∕IsÞ − Tns, (where TðIÞ is the trans-
mission rate, ΔT is the modulation depth, I is the input inten-
sity, Is is the saturating intensity, and Tns is the nonsaturable
absorbance). The experimental data and fitting curve are
shown in Fig. 1(c). A modulation depth of 23.28% and satu-
rable intensity of 3.32 MW∕cm2 have been obtained from
the fitting curve. For the graphene–Bi2Te3 heterostructure
sample with 85% coverage of Bi2Te3, the nonlinear optical
transmission is measured by the optical source with a repeti-
tion rate of 8.93 MHz, central wavelength range of 1560 nm,
pulse width of 1.98 ps, and output power of up to 20 mW.
After fitting the experiment data by the optical transmission
equation, the G-Bi2Te3-SA shows its saturating intensity and
modulation depth are about 12.48 MW∕cm2 and 40.79%,
respectively. Figure 1(d) shows the nonlinear optical meas-
urement results and fitting curve. We note that the modula-
tion depth of G-Bi2Te3-SA is strongly dependent on the
coverage of Bi2Te3 from Figs. 1(c) and 1(d).

To verify the broadband operation of G-Bi2Te3-SA, the
linear optical response of the graphene–Bi2Te3 heterostruc-
ture sample has been measured by ultraviolet-visible spec-
trometer in the spectral range from visible to near-infrared
wavelengths. The linear absorption spectrum of the graphe-
ne–Bi2Te3 heterostructure sample with 85% coverage of
Bi2Te3 is shown in Fig. 1(e). Similar to the linear optical
properties of pure graphene and pure Bi2Te3, the graphe-
ne–Bi2Te3 heterostructure sample also has a relatively flat
absorption curve from 900 to 2000 nm. The linear absorption
coefficient is about 0.2, which is higher than the values
of pure graphene and pure Bi2Te3. This further confirms
that the graphene–Bi2Te3 heterostructure sample exhibits
large light–matter interactions due to the van der Waals

interactions between graphene and Bi2Te3. The broadband
operation of G-Bi2Te3-SA, which can be used to generate
wavelength-tunable optical pulse, is another significant
advantage.

3 Experimental Results

3.1 Harmonic Mode-Locking Operation in Passively
Mode-Locked Yb-Doped Fiber Laser

In this section, we have obtained the 21st harmonic mode-
locking operation based on the G-Bi2Te3-SA with excellent
optical absorption. Figure 2 shows the experimental setup
of a passively harmonic mode-locked YDF ring laser
mode-locked by G-Bi2Te3-SA. A piece of YDF (LIEKKI
Yb1200-4/125), pumped by a 980-nm ALD980-500-B-FA
diode laser, is 0.72 m with a group velocity dispersion
(GVD) of 24.22 ps2∕km at 1060 nm. A 980∕1064 nmwave-
length division multiplexer (WDM) is used to launch the
pumped light into the YDF. The fiber-based three-paddle
polarization controller (PC) is employed to fine-tune the lin-
ear cavity birefringence. A polarization independent isolator
(PII) is ensured for unidirectional light propagation. The
G-Bi2Te3-SA with 15% coverage of Bi2Te3 on graphene
is used as a mode-locker. A piece of 40-m long single-
mode fiber (SMF) with GVD 21.91 ps2∕km at 1060 nm
is used to increase the cavity GVD. The total cavity length
is 53.52 m, including several pieces of passive fibers for con-
necting the components. The total cavity GVD is about
1.17 ps2. A 1% coupler is employed to couple out light
with 99% of the light returning to the cavity. The output
light is analyzed by optical spectrum analyzer (AQ-
6315A), a 4-GHz oscilloscope (DS09404A), a frequency
analyzer (N9322C), and a 5-GHz photodetector (SIR5).

Making use of the G-Bi2Te3-SA, the mode-locked pulse
is generated from the fiber laser cavity. Fundamental-repeti-
tion-rate mode-locking of the fiber laser self-starts from the
pump power around 75 mW, which corresponds to the
threshold of mode-locking of the laser. The fundamental-rep-
etition rate is 3.77 MHz, as shown in Fig. 3(a). The interval
of the pulses shown in Fig. 3(b) is 265 ns corresponding to a
cavity length of about 53.02 m. With the increase of the
pump power, an additional pulse appears within the cavity
round-trip. The multiple integers of the fundamental repeti-
tion rate have been obtained an RF spectrum. The 21st,
79.13 MHz harmonically mode-locked pulse can be

Fig. 2 The experimental setup of a passively harmonic mode-locked
YDF ring laser. LD, laser diode; WDM, wavelength division multi-
plexer; YDF, ytterbium-doped fiber; PC, polarization controller; OC,
optical coupler; SMF, single mode fiber; G-Bi2Te3-SA, graphe-
ne–Bi2Te3 heterostructures saturable absorber; and PI-ISO, polariza-
tion-independent isolator.
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achieved at a maximum pump power of 495 mW. The lower
trace in Fig. 3(a) shows the radio-frequency (RF) spectrum of
the 21st harmonically mode-locked pulses. The background
noise is suppressed to be lower than 13.56 dB where the res-
olution bandwidth (RBW) is set to be 100 Hz with a
100 MHz span range. Twenty-one pulses with equal intervals
circulate in the cavity per one round-trip. The time for the
round trip of the single-pulse mode-locking state within
the cavity is stable, as shown in the upper trace of Fig. 3(b).

Figure 4(a) shows the optical spectrum of the 21st har-
monic mode-locked pulse. The 3-dB spectral bandwidth is
3.5 nm at a central wavelength of 1058.9 nm. Steep spectral
edges have been observed, which is the typical shape of dis-
sipative solitons. The average output power is 2.53 mW for
the given pump power. The pulse duration of about 189.94 ps
is estimated from the oscilloscope signal, as shown in
Fig. 4(b). The time-bandwidth product value is about
177.8, indicating that the pulse is a large chirped pulse. It
is worth noting that the 21st harmonic mode-locking oper-
ates for several hours without observing any degradation of
the laser performance, which indicates that the G-Bi2Te3-SA
behaves with excellent saturable absorption.

The harmonic mode-locking is achieved by increasing the
pump power and slightly adjusting the orientation of the PC.

By increasing the pump power, new solitons are generated
one by one in the cavity, and a multipulse operation is
observed owing to the cavity pulse peak clamping effect.
The multiple pulses then rearrange themselves automatically.
Finally, all pulses are nearly equally circulated in the whole
cavity. After carefully tuning the PC, stable harmonic mode-
locking with equal pulse-to-pulse durations have been
obtained. Figure 5(a) shows the four kinds of stable har-
monic pulse trains during one cavity round trip of 265 ns.
The laser operates on the 4th, 8th, 11th, and 18th harmonic
mode-locking regimes, when the pump power is 130, 215,
270, and 410 mW, respectively. In order to investigate the
stability of the harmonic mode-locking, we have measured
the corresponding RF spectrum on a scan span of 100 MHz
with an RBW of 100 Hz, as shown in Fig. 5(b). The super-
mode suppressions (SMS) are 32.05 dB at 15.08 MHz,
22.65 dB at 30.16 MHz, 17.54 dB at 41.48 MHz, and
14.02 dB at 67.88 MHz, corresponding to the 4th, 8th,
11th, and 18th harmonic mode-locking operations.

As we increase the pump power from 75 to 495 mW, the
number of pulses during a cavity round trip increases corre-
spondingly. The repetition rate of the harmonic mode-locked
pulse quasilinearly depends on the pumping power, as shown
in Fig. 6(a). The slope parameter has been calculated to be
0.18 MHz∕mW. The output power also quasilinearly
increases with the pump power. Regarding the output
power and the repetition rate of pulses, we estimate the
pulse energy of the laser operations from the fundamental
mode-locking to the 21st harmonic mode-locking. The

Fig. 3 (a) RF spectra and (b) oscilloscope traces of the pulse train.
The upper blue line is the fundamental mode-locking. The lower black
line is 21st harmonic mode-locking.

Fig. 4 (a) Spectrum and (b) pulse duration of the 21st harmonic
mode-locked pulse.
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pulse energy slightly decreases with pump power, as shown
in Fig. 6(b). The harmonic mode-locking pulse energy is
lower than that of the fundamental repetition rate mode-
locked pulse. The pulse energy on the 21st harmonic
mode-locking is 0.032 nJ. The intracavity pulse energy
can reach up to 3 nJ because of the 1:99 optical coupler
used in the laser cavity. Figure 6(b) also shows the obtained
SMS of every order of the harmonic mode-locked pulse. The
SMS decreases from 33.33 to 13.56 dB correspondingly dur-
ing operation from the fundamental mode-locking to the 21st
harmonic mode-locking. When the order of the harmonic
changed from the fundamental mode-locking to the 21st har-
monic mode-locking, the 3 dB bandwidths of the corre-
sponding optical spectrum slightly increased with the
central wavelength unchanging.

3.2 Wavelength-Tunable Q-Switching Operation in
Passively Q-Switched Er-Doped Fiber Laser

In addition to excellent saturable absorption for harmonic
mode-locking, the G-Bi2Te3-SA possesses a relatively flat
absorption spectrum, just like pure graphene and pure
Bi2Te3, which is suitable for wavelength-tunable Q-switched
operation. In this section, the wavelength-tunable Q-switch-
ing operation is obtained by inserting the G-Bi2Te3-SA into
the EDF laser cavity. Figure 7 schematically shows the wave-
length-tunable Q-switched fiber laser setup. A 975-nm laser
diode is used to pump a piece of 0.95 m highly doped EDF
(LIEKKI Er 80-8∕125) by a 980∕1550 nm WDM. A PC is
used to adjust the linear cavity birefringence. A PII is used to
force the unidirectional light propagation. A 10% fiber cou-
pler is used to output the optical pulse. The G-Bi2Te3-SA
with 85% coverage of Bi2Te3 on graphene is used as a
Q-switcher. A tunable optical bandpass filter (Agiltron
Inc. FOTF-025121333) with a 3 dB bandwidth of 1 nm is
spliced to adjust the lasing wavelength of the laser. The inser-
tion loss of the tunable optical bandpass filter is 3 dB. The
total cavity length is about 15.09 m, including several pieces
of pigtail fiber (SMF-28), with a dispersion of −23 ps2∕km
and EDF with a dispersion of −20 ps2∕km. The total cavity
dispersion is estimated to be about −0.344 ps2 as calculated
by dispersion of the SMF and EDF. A spectrum analyzer, an
optical spectrum analyzer (Ando AQ-6317B), and a 500-
MHz oscilloscope (Tektronix TDS3054B) combined with
a 5-GHz photodetector are used to simultaneously monitor
the spectrum, RF spectrum, and time profile of the output
pulse train, respectively.

Fig. 5 (a) Oscilloscope traces and (b) RF spectra of the 4th, 8th, 11th,
and 18th harmonic mode-locking pulses.

Fig. 6 (a) The output power and repetition rate verse pump power and
(b) the SMS and pulse energy from fundamental mode-locking to 21st
harmonic mode-locking. Fig. 7 Schematic of wavelength-tunable Q-switched EDF laser.
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First of all, we investigate the laser operation based on
G-Bi2Te3-SA without tuning the bandpass filter. Because
the saturable absorber with a large modulation depth is ben-
eficial for generating a Q-switched pulse,54 the G-Bi2Te3-SA
with 85% coverage of Bi2Te3 on graphene has been used in
this cavity. After incorporating the G-Bi2Te3-SA into the
laser cavity, the stable passively Q-switched pulse starts to
be produced as the pump power exceeds the threshold of
71.7 mW. Figure 8(a) shows the optical spectrum of the
Q-switched pulse with a central wavelength of 1580 nm
at a pump power of 244.4 mW. The 3-dB spectral bandwidth
of the pulse is 0.43 nm. Figure 8(b) shows the oscilloscope
trace of the stable Q-switched pulse train. The time interval
between adjacent pulses is 82.55 μs, corresponding to the
repetition rate of 12.11 kHz. Figure 8(c) shows the measured
single pulse profile. The full width at half maximum is
5.98 μs. To investigate the stability of the Q-switched
pulse, we measure its corresponding RF spectrum with an
RBW of 100 Hz, as shown in Fig. 8(d). The signal-to-
noise ratio of our fiber laser is over 32.08 dB at
12.19 kHz, indicating that the Q-switched pulse operates
in a relatively stable regime. Moreover, no other frequency
component has been seen in the RF spectrum span over a
100-kHz frequency apart from the fundamental and har-
monic frequencies, as shown in the inset of Fig. 8(d).

The pulse duration and repetition rate are systematically
summarized in Fig. 9(a) by only adjusting the pump power.
With the increase of the pump power from 71.7 to 385 mW,
the repetition rate increases from 4.6 to 22.5 kHz and the
pulse duration decreases from 51.3 to 5.5 μs. When the
pump power exceeds 188 mW, a slight change of the
pulse duration has been seen in Fig. 9(a), probably because
of the saturation of the G-Bi2Te3-SA. Figure 9(b) shows the

change of the average output power and pulse energy upon
increasing the pump power. One can clearly see that the aver-
age output power nearly linearly increases with the incident
pump power. When the pump power is boosted up to

Fig. 8 (a) Spectrum, (b) pulse train, (c) single pulse profile, and (d) RF optical spectrum at the funda-
mental frequency and the wideband RF spectrum (inset) of typical Q-switched pulse at pump power of
244.4 mW.

Fig. 9 (a) Pulse repetition rate and duration and (b) average output
power and pulse energy versus incident pump power.
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385.5 mW, the Q-switched pulse is stable for several hours
and the maximum output pulse energy can reach up to
about 0.3 μJ.

To verify whether the G-Bi2Te3-SA is a broadband Q-
switcher, an optical filter has been spliced into the laser cav-
ity to tune the lasing wavelength. At a pump power of
244.4 mW, the central wavelength could be continuously
tuned from 1575.9 to 1589.1 nm by finely adjusting the
transmittance peak of the optical filter without changing
the other cavity elements. The wavelength-tuning range
can reach up to 13.2 nm, as shown in Fig. 10(a). The Q-
switched pulse remains stable at each wavelength during
the tuning range from 1575.9 to 1589.1 nm. This suggests
that G-Bi2Te3-SA may be another promising broadband
saturable absorber. The Q-switched pulses’ parameters,
such as output power, repetition rate, pulse duration, and
pulse energy are shown in Figs. 10(b) and 10(c) within
the tuning bandwidth. The output power is around

3.2 mW with a slight fluctuation of 0.1 mW, when the tun-
able optical filter is adjusted. The pulse duration is about
6.5 μs with a fluctuation of 0.5 μs during the tuning band-
width range. As the lasing wavelength is increased by tuning
the filter, the pulse energy increases from 185.7 to 339.5 nJ,
and the repetition rate decreases from 16.94 to 9.66 kHz. It is
well known that the repetition rate of a Q-switched pulse is
dependent on the cavity gains and losses. In our laser cavity,
the gain coefficient of the EDF at 1575.9 nm is larger than
that at 1589.1 nm, which results in the decrease of the pulse
repetition rate when the lasing wavelength is tuned from
1575.9 to 1589.1 nm by filter.

4 Conclusion
We have demonstrated a stable harmonic mode-locking oper-
ation in a YDF laser and wavelength-tunable Q-switching
operation in an EDF laser based on G-Bi2Te3-SA. In the har-
monic mode-locked YDF laser, the repetition rate of
79.13 MHz (21st order of the fundamental frequency)
mode-locked pulses with a pulse duration down to
189.94 ps and spectral bandwidth of 3.5 nm have been gen-
erated by the G-Bi2Te3-SA with 15% coverage of Bi2Te3.
While incorporating the G-Bi2Te3-SA with 85% coverage
of Bi2Te3 into an Er-doped fiber laser cavity, the wave-
length-tunable Q-switched pulse with tunable wavelength
range over 13.2 nm has been obtained by adjusting the intra-
cavity fiber filter. The saturable absorption of the graphe-
ne–Bi2Te3 heterostructure with 15% coverage of Bi2Te3
shows the saturating intensity of 23.28% and modulation
depth of 3.32 MW∕cm2 measured by balanced twin-detector
measurement system. While the saturating intensity and
modulation depth of the graphene–Bi2Te3 heterostructure
with 85% coverage of Bi2Te3 are about 12.48 MW∕cm2

and 40.79%, respectively. The modulation depth is depen-
dent on the coverage of the Bi2Te3 on graphene. These
results suggest that the graphene–Bi2Te3 heterostructure
could serve as a high nonlinear photonic device for practical
applications.
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