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Graphene-Bi2Te3 Heterostructure as Broadband
Saturable Absorber for Ultra-Short Pulse Generation

in Er-Doped and Yb-Doped Fiber Lasers
Zhiteng Wang, Haoran Mu, Jian Yuan, Chujun Zhao, Qiaoliang Bao, and Han Zhang

Abstract—A new type of broadband saturable absorber made
of graphene-Bi2 Te3 heterostructure was reported, which syner-
gistically combines light–matter interaction in graphene with that
in a small bandgap semiconductor material Bi2 Te3 to achieve an
improved broadband nonlinear optical response. The graphene-
Bi2 Te3 heterostructure films were grown by chemical vapor de-
position with 15% Bi2Te3 coverage on graphene, in which most
of the Bi2 Te3 nanoplatelets are less than 30 nm thick. It is in-
teresting to find that the heterostructure thin film shows broad-
band saturable absorption property. At the communication band
(around 1560 nm), the saturable intensity and modulation depth
are measured to be 4.95 MW/cm2 and 18.98%, respectively. While
around 1067 nm, the corresponding saturable intensity and mod-
ulation depth are experimentally measured to be 2.61 MW/cm2

and 23.11%, respectively. By incorporating this optical saturable
absorber inside either an Er-doped or Yb-doped fiber laser, we
are able to generate ultra-short pulse with very stable operation
at 1565.6 and 1049.1 nm. Our experimental results clearly demon-
strate that the graphene-Bi2 Te3 heterostructure can be a promis-
ing broadband nonlinear optical material for broadband ultra-fast
laser photonics.

Index Terms—Graphene-Bi2 Te3 heterostructure, broadband
saturable absorbers, ultra-short pulse, fiber lasers.
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I. INTRODUCTION

GRAPHENE, one-atom-thick planar sheet consisting of
sp2-bonded carbon atoms stacked in a two-dimensional

(2-D) honey comb lattice, have arouse strong research interest
in ultra-fast laser photonics, since the demonstration of atomic-
layer graphene based optical saturable absorber (SA) [1], [2].
Because of its unique optical properties, such as low scattering
loss induced by its planar morphology, wavelength-independent
absorption [3], [4], ultra-fast relaxation time [5] and absorption
bleaching [6], [7] at high optical intensity, graphene is consid-
ered as a remarkable SA for ultrafast pulse generation. Dif-
ferent operation regimes, either mode-locking or Q-switching,
by graphene-based SAs have been demonstrated on either fiber
lasers [8]–[15] or solid state lasers [16]–[20] from the visible
towards the mid-infrared. Furthermore, wavelength-tunable op-
eration [21], [22] and multi-wavelength operation [23], [24] had
also been reported in fiber lasers. Sotor et al. demonstrated an
all-fiber thulium (Tm-) and erbium (Er-) doped fiber laser simul-
taneously mode-locked by a common broadband graphene SA,
allowing for the mode-locking of two lasers spectrally separated
by almost 400 nm [25].

Recently, topological insulators (TIs) (such as Bi2Se3 ,
Bi2Te3 , and Sb2Te3) [26], [27] and transition metal dichalco-
genides (such as MoS2 and WS2) [28] had been applied as new
types of 2-D materials for optoelectronic devices. Bi2Se3 and
MoS2 fabricated by high-yield liquid-phase exfoliation tech-
nique show interesting nonlinear optical properties [29]–[32]
and they can be fabricated as SA devices with improved (or
at least comparable) nonlinear optical properties than that of
graphene, such as modulation depth and saturation intensity.
Zhao et al. presented the passively mode-locked erbium-doped
fiber laser by using TI SA in 2012 [33]. Soon after that, Du et al.
published the first report on the mode-locking operation of an
ytterbium-doped fiber laser based on MoS2 SA [34]. For the
purpose of broadband operation, both TI and MoS2 SAs have
been used to mode-lock Yb-doped [35]–[37], Er-doped [38]–
[41] and Tm-doped [42]–[44] fiber lasers operating at 1.06, 1.56
and 2.0 μm, respectively. Wavelength-tunable optical pulse was
also obtained from the passively mode-locked fiber laser with
the introduction of TI and MoS2 SAs [45], [46].

From point of view of energy structure, zero or small
bandgap materials are the most suitable candidate for broadband
operation of those laser applications as they own wavelength-
insensitive optical response at telecommunication bands. In par-
ticular, Dirac materials such as graphene and TIs are important
broadband materials which have been applied for photonics such
as photodetection [47] and pulse lasers [48]. However, there are
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some optical limitations in terms of absorption strength, spec-
tral range and carrier dynamics if these 2-D materials were used
individually. For instance, some shortcomings of graphene SA
and TI SA need to be overcome in order to further improve the
performance, such as the limited light absorption of graphene
(πα = 2.3% for monolayer graphene) [3] and heavily popu-
lated intrinsic defects of TIs which makes its transport properties
dominated by the bulk state instead of the desired massless Dirac
surface states [49]. Very recently, graphene-TI heterostructures,
with high-quality ultrathin nanoplates of TIs (Bi2Se3) [50], [51]
and enhanced absorption strength as well as broadened respon-
sive spectral range [47], have been demonstrated as another
interesting material for optoelectronic devices that could oper-
ate from the visible to the near-infrared range. Furthermore, Mu
et al. have reported the generation of ultra-short pulse in Er-
doped fiber laser mode-locked by graphene-Bi2Te3 heterostruc-
ture saturable absorber (G-Bi2Te3-SA) [48]. Nevertheless, the
capability of this heterostructure material for broadband oper-
ation in pulse laser has not been explored. Herein, we demon-
strate that graphene-Bi2Te3 heterostructure can be used as a
broadband SA and further investigate its applications for the
mode-locked Er-doped and Yb-doped fiber lasers. Based on
the balanced twin-detector measurement system, its saturable
absorption properties at different wavelengths have been inves-
tigated. As a result, passively mode-locked pulses with pulse
duration of 1.1 ps at 1565.6 nm and 144.3 ps at 1049 nm have
been achieved at mode-locked Er-doped and Yb-doped fiber
lasers, respectively.

II. EXPERIMENTAL RESULTS

A. Material Preparation and Characterization

The graphene-Bi2Te3 heterostructure SA was prepared by
a similar approach as previous reports [47], [48]. First of all,
monolayer graphene thin film was grown on copper substrate
by chemical vapor deposition (CVD). Following, the Bi2Te3
nanoplatelets were grown on top of graphene film by CVD, in
which graphene functions as an atomic template for the nucle-
ation and growth of Bi2Te3 as these two materials share similar
hexagonal lattice. By precisely control the growth parameters
especially the growth time in the second round growth, thin
Bi2Te3 single crystals with only a few quintuple layers are
produced on graphene to form Van der Waals heterostructure.
Fig. 1(a) shows the atomic force microscopy (AFM) image of
the graphene-Bi2Te3 heterostructure sample with a coverage
of 15% Bi2Te3 on graphene. The thickness of the Bi2Te3
nanoplatelets is less than 13 nm, as shown in the Fig. 1(b). The
linear optical response of the graphene-Bi2Te3 heterostructure
has been measured by UV-visible-infrared spectrometer in
the spectral range from visible to near-infrared wavelength,
as shown in Fig. 1(c). It is found that the graphene-Bi2Te3
heterostructure sample also has a relatively flat absorption
curve from 900 to 2000 nm. The linear absorption coefficient
of graphene-Bi2Te3 heterostructure sample is 10.15% at
1050 nm and 9.36% at 1560 nm. Finally, the graphene-Bi2Te3
heterostructure film is transferred onto the facet of the fiber
ferrule so as to be easily integrated into fiber laser system.

Besides the linear optical response, the optical SA response
of the graphene-Bi2Te3 heterostructure film has been investi-

Fig. 1. (a) The AFM image and (b) thickness profiles along solid line 1 in (a)
of the graphene-Bi2 Te3 heterostructure film on SiO2 substrate. (c) The linear
optical response of the graphene-Bi2 Te3 heterostructure.

Fig. 2. (a) The experimental setup of the balanced twin-detector measurement
system. G-Bi2 Te3 -SA: graphene-Bi2 Te3 heterostructure saturable absorber. (b)
The SA curves of the graphene-Bi2 Te3 heterostructure film at 1560 nm and (c)
at 1067 nm. The inserts of (b) and (c) show the spectra and autocorrelation
traces of corresponding ultrashort pulse for measuring the SA curves.

gated by using the balanced twin-detector measurement system,
as shown in Fig. 2(a). A 50:50 coupler was used to equally
separate the incident light into two different laser beams (A and
B). Beam A is detected by detector A as the reference power
(Pr) while beam B, after passing through the graphene-Bi2Te3
heterostructure film, is measured by detector B as the signal
power (Ps). With the continuous tuning of the optical attenuator,
different optical transmission with respect to different incident
laser powers can be obtained, and therefore the transmission
is calculated by Ps /Pr at different optical powers. Fig. 2(b)
shows the saturable absorption of the graphene-Bi2Te3
heterostructure film at the telecommunication band. The
incident optical pulse (repetition rate of 100.8 MHz, central
wavelength range of 1559.5 nm, pulse width of 0.585 ps, and
the maximum output power up to 16 mW) was emitted from
a home-made ultra-short laser source, as shown in the insert
of Fig. 2(b). Upon fitting the relation between the optical
transmittance and optical powers by using the conventional
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Fig. 3. Experimental setup of mode-locked fiber laser. PI-ISO: polarization
independent isolator. LD: laser diode. WDM: wavelength division multiplexer.
AF: active fiber. PC: polarization controller. OC: optical coupler. SMF: single-
mode fiber. G-Bi2 Te3 -SA: graphene-Bi2 Te3 heterostructure saturable absorber.

formula of T (I) = 1 − ΔT exp(−I/Is) − Tns (where T (I)
is the transmission rate, ΔT is the modulation depth, I is the
input intensity, Is is the saturating intensity, and Tns is the
non-saturable absorbance), the saturating intensity and mod-
ulation depth are measured to be 4.95 MW/cm2 and 18.98%,
respectively. Fig. 2(c) shows the saturable absorption of the
graphene-Bi2Te3 heterostructure film at nearly 1 μm with the
input optical pulse of with repetition rate of 11.2 MHz, central
wavelength range of 1067 nm, pulse width of 24.14 ps, and
output power up to 20 mW, as shown in the insert of Fig. 2(c).
The saturating intensity of 2.61 MW/cm2 and modulation depth
of 23.11% are been obtained after fitting, shown in Fig. 2(c).

B. Experimental Results on Mode-Locked Fiber Laser

In order to experimentally take advantage of the broadband
saturable absorption of the G-Bi2Te3-SA, we had designed the
experimental setup of the mode-locked fiber laser based on G-
Bi2Te3-SA in Fig. 3. In the mode-locked Er-doped fiber laser, a
piece of 3 m Er-doped fiber (LIEKKI Er16-8/125) as the active
fiber with group velocity dispersion (GVD) of −13 ps2/km is
pumped by 980 nm laser diode with a 980/1550 nm wavelength
division multiplexer (WDM). The polarization controller (PC) is
used to slightly tune the intra-cavity birefringence. The polariza-
tion independent isolator (PI-ISO) enforces the unidirectional
propagation of the intracavity optical pulse. The G-Bi2Te3-SA
is introduced into the laser cavity as a passive mode-locker. The
total cavity length is 28.95 m consisting of single mode fiber
(SMF) with GVD parameter −23 ps2/km. The total cavity GVD
is −0.636 ps2. The 10% optical coupler (OC) is used to tap the
optical pulse signal. While in the Yb-doped fiber laser, the active
fiber is a piece of 0.75 m long Yb-doped fiber (LIEKKI Yb1200-
4/125) with a GVD of 24.22 ps2/km pumped by 980 nm laser
diode using a 980/1064 nm WDM. The PC, PI-ISO and OC with
the operation wavelength at 1060 nm are also spliced into the
laser cavity. The passive mode-locker is the same G-Bi2Te3-SA
used in Er-doped fiber laser. The total cavity length is 54.18 m
with a piece of 40 m long SMF with the GVD of 21.91 ps2/km
at 1060 nm, which is used to optimize mode-locking. The to-
tal cavity GVD is 1.189 ps2. Both the optical pulses generated
in Er-doped and Yb-doped fiber laser are analyzed by an opti-
cal spectrum analyzer (Ando AQ-6317B), and a 4 GHz MHz
oscilloscope (DS09404A).

Due to the saturable absorption of the graphene-Bi2Te3
heterostructure, the self-starting mode-locking operation of the
Er-doped fiber laser based on G-Bi2Te3-SA is obtained when

Fig. 4. (a) The spectrum, (b) the pulse train, (c) the autocorrelation trace,
(d) RF spectrum (insert is the wide-band RF spectrum) of the soliton pulse of
Er-doped fiber laser mode-locked by G-Bi2 Te3 -SA.

the pump power reach up to a mode-locking threshold of 30
mW. Fig. 4 shows the pulse characteristics at the pump power
of 80 mW. The central wavelength of the mode-locking pulse
is 1565.6 nm with a 3-dB bandwidth of 2.2 nm. Very clear
symmetric spectral sidebands were observed, indicating that the
mode-locked pulse is soliton pulse as shown in Fig. 4(a). The
oscilloscope trace of the soliton pulse train had been plotted in
Fig. 4(b) with the pulse-to-pulse time separation of 144.7 ns,
corresponding to the repetition rate of the mode-locked pulse
of 6.91 MHz. The pulse duration is 1.8 ps with fitting by
sech2-pulse profile, shown in Fig. 4(c). The real pulse duration
is 1.17 ps by multiplying a factor of 0.65. The time-bandwidth
product is 0.315. Fig. 4(d) shows the radio frequency (RF)
spectrum of obtained soliton pulse. The fundamental repetition
rate is 6.9 MHz corresponding to the cavity length of 28.99 m,
the signal-to-noise ratio of the fundamental repetition rate is
67.4 dB. No addition frequency peak had been seen in the insert
of the Fig. 4(d) with a wide-band RF spectrum up to 200 MHz.

For the broadband saturable absorption property of the
G-Bi2Te3-SA, the mode-locked pulse is also obtained in 1 μm
ring-cavity Yb-doped fiber laser by incorporating this SA
inside the laser cavity. Fig. 5 shows the pulse characteristics
of the Yb-doped fiber laser at a pump power of 115 mW. The
central wavelength of the mode-locking pulse is 1049.1 nm
with 3-dB bandwidth of 4.3 nm. The steep spectral edges have
been observed, which is a typical shape of dissipative solitons,
as shown in Fig. 5(a). The oscilloscope trace of the dissipative
soliton pulse train has been plotted in Fig. 5(b) with a pulse-to-
pulse interval of 265.6 ns, corresponding to a repetition rate of
3.7 MHz. The pulse duration is 144.3 ps. The RF spectrum of
pulse is shown in Fig. 5(d). The fundamental repetition rate of
the mode-locked pulse locates at 3.69 MHz with the signal-to-
noise ratio of 65 dB, indicating that the cavity length is 54.20 m.
No addition frequency peak had been seen with the wideband
RF spectrum up to 100 MHz, shown in the insert of the Fig. 5(d).
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Fig. 5. (a) The spectrum, (b) the pulse train (insert is the large time scale),
(c) the autocorrelation trace and (d) the RF spectrum (insert is the wideband
RF spectrum) of the dissipative soliton of Yb-doped fiber laser mode-locked by
G-Bi2 Te3 -SA.

III. DISCUSSION

The graphene-Bi2Te3 heterostructure, made up of graphene
and Bi2Te3 through Van der Waals interactions, keeps the
linear energy-momentum “relativistic” dispersion of the elec-
trons [52], which is responsible for broadband photonics op-
eration. This paper firstly demonstrates the operation on both
Er-doped and Yb-doped fiber laser mode-locked by the same
G-Bi2Te3-SA with the bandwidth over about 500 nm, which
may pave the way of fabricating broadband SA based on Dirac
materials for mode-locking techniques.

It is worth commenting on the broadband performance of
graphene SA [25], TI SA [45] and MoS2 SA [44]. Due to low
light absorption of graphene, the graphene-Bi2Te3 heterostruc-
ture SA have better nonlinear response than pure graphene SA,
such as, the larger modulation depth and high damage threshold
[48]. While the pure Bi2Te3 with heavily occupied by defects in
the process of fabrication [53] exhibits its transport properties
are dominated by the bulk state instead of the desired surface
state [49]. The surface states of Bi2Te3 in graphene-Bi2Te3
heterostructure remain intact and are apparently well protected
from environmental contamination with the help of graphene
[51], indicated that broadband mode-locking operation can be
more readily obtained by the G-Bi2Te3-SA than pure Bi2Te3
SA. Furthermore, the broadband MoS2 SA with operation band-
width dependent on the layer numbers of the MoS2 film [31]
needs more complex fabrications comparing to G-Bi2Te3-SA.
Therefore, the G-Bi2Te3-SA remains very appealing for future
broadband ultra-fast photonics.

IV. CONCLUSION

Herein, we have demonstrated a broadband SA of graphene-
Bi2Te3 heterostructure for the passive mode-locking operation
at both the Yb-doped and Er-doped fiber laser. The graphene-

Bi2Te3 heterostructure is fabricated by two-step CVD processes.
In comparison to pure graphene and pure Bi2Te3 , graphene-
Bi2Te3 heterostructure shows enhanced broadband absorption
from 900 to 2000 nm. Based on the balanced twin-detector mea-
surement system, the saturating intensity of 4.95 MW/cm2 and
modulation depth of 18.98% were measured at the communica-
tion band; while at 1067 nm, its saturating intensity and mod-
ulation depth were measured to be 2.61 MW/cm2 and 23.11%,
respectively. The ultrashort pulse with a duration of 1.1 ps and
repetition rate of 6.9 MHz has been generated in Er-doped fiber
at 1565.6 nm. Based on the Yb-doped fiber laser, the 144.3 ps
pulses with repetition rate of 3.7 MHz at central wavlength
of 1049.1 nm have been obtained. Our experimental findings
provide another effective broadband optical material that may
combine the advantages of graphene and topological insulator,
which might finds potential applications beyond ultra-fast laser
photonics.

REFERENCES

[1] Q. Bao et al., “Atomic-layer graphene as a saturable absorber for ultra-
fast pulsed lasers,” Adv. Funct. Mater., vol. 19, no. 19, pp. 3077–3083,
Oct. 2009.

[2] H. Zhang, Q. Bao, D. Tang, L. Zhao, and K. Loh, “Large energy soli-
ton erbium-doped fiber laser with a graphene-polymer composite mode
locker,” Appl. Phys. Lett., vol. 95, no. 14, p. 141103, Sep. 2009.

[3] R. Nair et al., “Fine structure constant defines visual transparency of
graphene,” Science, vol. 320, no. 5881, p. 1308, Jun. 2008.

[4] F. Bonaccorso, Z. Sun, T. Hasan, and A. C. Ferrari, “Graphene photonics
and optoelectronics,” Nature Photon., vol. 4, no. 9, pp. 611–622, Aug.
2010.

[5] J. M. Dawlaty, S. Shivaraman, M. Chandrashekhar, F. Rana, and
M. G. Spencer, “Measurement of ultrafast carrier dynamics in epitaxial
graphene,” Appl. Phys. Lett., vol. 92, no. 4, p. 042116, Jan. 2008.

[6] H. Zhang, D. Y. Tang, L. M. Zhao, Q. L. Bao, and K. P. Loh, “Large energy
mode locking of an erbium-doped fiber laser with atomic layer graphene,”
Opt. Exp., vol. 17, no. 20, pp. 17630–17635, Sep. 2009.

[7] F. Vasko, “Saturation of interband absorption in graphene,” Phys. Rev. B,
vol. 82, no. 24, p. 245422, Dec. 2010.

[8] G. Lili et al., “Self-assembled graphene membrane as an ultrafast mode-
locker in an erbium fiber laser,” IEEE Photon. Technol. Lett., vol. 23,
no. 23, pp. 1790–1792, Jun. 2011.

[9] J. Liu, S. Wu, Q. H. Yang, and P. Wang, “Stable nanosecond pulse gener-
ation from a graphene-based passively Q-switched Yb-doped fiber laser,”
Opt. Lett., vol. 36, no. 20, pp. 4008–4010, Oct. 2011.

[10] J. Sotor, G. Sobon, and K. M. Abramski, “Scalar soliton generation in all-
polarization-maintaining, graphene mode-locked fiber laser,” Opt. Lett.,
vol. 37, no. 11, pp. 2166–2168, Jun. 2012.

[11] Z. B. Liu, X. He, and D. N. Wang, “Passively mode-locked fiber laser based
on a hollow-core photonic crystal fiber filled with few-layered graphene
oxide solution,” Opt. Lett., vol. 36, no. 16, pp. 3024–3026, Aug. 2011.

[12] A. Martinez, K. Fuse, B. Xu, and S. Yamashita, “Optical deposition of
graphene and carbon nanotubes in a fiber ferrule for passive mode-locked
lasing,” Opt. Exp., vol. 18, no. 22, pp. 23054–23061, Oct. 2010.

[13] A. Martinez, K. Fuse, and S. Yamashita, “Mechanical exfoliation of
graphene for the passive mode-locking of fiber lasers,” Appl. Phys. Lett.,
vol. 99, no. 12, p. 121107, Sep. 2011.

[14] L. Zhao et al., “Dissipative soliton operation of an ytterbium-doped fiber
laser mode locked with atomic multilayer graphene,” Opt. Lett., vol. 35,
no. 21, pp. 3622–3624, Oct. 2010.

[15] H. Zhang, D. Tang, L. Zhao, Q. Bao, and K. P. Loh, “Vector dissipative
solitons in graphene mode locked fiber lasers,” Opt. Commun., vol. 283,
no. 17, pp. 3334–3338, Apr. 2010.

[16] J. L. Xu et al., “Graphene saturable absorber mirror for ultra-fast-pulse
solid-state laser,” Opt. Lett., vol. 36, no. 10, pp. 1948–1950, May 2011.

[17] M. Cizmeciyan et al., “Graphene mode-locked femtosecond Cr: ZnSe
laser at 2500 nm,” Opt. Lett., vol. 38, no. 3, pp. 341–343, Jan. 2013.

[18] W. B. Cho et al., “High-quality, large-area monolayer graphene for effi-
cient bulk laser mode-locking near 1.25 μm,” Opt. Lett., vol. 36, no. 20,
pp. 4089–4091, Oct. 2011.



WANG et al.: GRAPHENE-BI2 TE3 HETEROSTRUCTURE AS BROADBAND SATURABLE ABSORBER FOR ULTRA-SHORT PULSE GENERATION 8800105

[19] J. Ma et al., “Graphene mode-locked femtosecond laser at 2 μm wave-
length,” Opt. Lett., vol. 37, no. 11, pp. 2085–2087, Jun. 2012.

[20] I. H. Baek et al., “Efficient mode-locking of sub-70-fs Ti: Sapphire laser
by graphene saturable absorber,” Appl. Phys. Exp., vol. 5, no. 3, p. 032701,
Feb. 2012.

[21] Z. Sun et al., “A stable, wideband tunable, near transform-limited,
graphene-mode-locked, ultrafast laser,” Nano Res., vol. 3, no. 9, pp. 653–
660, Aug. 2010.

[22] D. Popa et al., “Graphene Q-switched, tunable fiber laser,” Appl. Phys.
Lett., vol. 98, no. 7, p. 073106, Feb. 2011.

[23] L. Zhengqian et al., “Graphene-assisted multiwavelength erbium-doped
fiber ring laser,” IEEE Photon. Technol. Lett., vol. 23, no. 8, pp. 501–503,
Feb. 2011.

[24] Z. Luo et al., “Graphene-based passively Q-switched dual-wavelength
erbium-doped fiber laser,” Opt. Lett., vol. 35, no. 21, pp. 3709–3711, Oct.
2010.

[25] J. Sotor et al., “Simultaneous mode-locking at 1565 nm and 1944 nm
in fiber laser based on common graphene saturable absorber,” Opt. Exp.,
vol. 21, no. 16, pp. 18994–19002, Aug. 2013.

[26] M. Z. Hasan and C. L. Kane, “Colloquium: Topological insulators,” Rev.
Mod. Phys., vol. 82, no. 4, p. 3045, Nov. 2010.

[27] H. Zhang et al., “Topological insulators in Bi2 Se3 , Bi2 Te3 and Sb2 Te3
with a single Dirac cone on the surface,” Nature Phys., vol. 5, no. 6,
pp. 438–442, Jun. 2009.

[28] J. N. Coleman et al., “Two-dimensional nanosheets produced by liquid
exfoliation of layered materials,” Science, vol. 331, no. 6017, pp. 568–571,
Feb. 2011.

[29] J. Zheng et al., “High yield exfoliation of two-dimensional chalcogenides
using sodium naphthalenide,” Nature Commun., vol. 5, p. 2995, Jan. 2014.

[30] S. Lu et al., “Third order nonlinear optical property of Bi2 Se3 ,” Opt. Exp.,
vol. 21, no. 2, pp. 2072–2082, Jan. 2013.

[31] H. Zhang et al., “Molybdenum disulfide (MoS2 ) as a broadband saturable
absorber for ultra-fast photonics,” Opt. Exp., vol. 22, no. 6, pp. 7249–7260,
Mar. 2014.

[32] S. Wang et al., “Broadband few-layer MoS2 saturable absorbers,” Adv.
Mater., vol. 26, no. 21, pp. 3538–3544, Jun. 2014.

[33] C. Zhao et al., “Ultra-short pulse generation by a topological insulator
based saturable absorber,” Appl. Phys. Lett., vol. 101, no. 21, p. 211106,
Nov. 2012.

[34] J. Du et al., “Ytterbium-doped fiber laser passively mode locked by few-
layer molybdenum disulfide (MoS2 ) saturable absorber functioned with
evanescent field interaction,” Sci. Rep., vol. 4, p. 6346, Sep. 2014.

[35] Z. C. Luo et al., “2 GHz passively harmonic mode-locked fiber laser by
a microfiber-based topological insulator saturable absorber,” Opt. Lett.,
vol. 38, no. 24, pp. 5212–5215, Dec. 2013.

[36] P. Yan, R. Lin, S. Ruan, A. Liu, and H. Chen, “A 2.95 GHz, femtosec-
ond passive harmonic mode-locked fiber laser based on evanescent field
interaction with topological insulator film,” Opt. Exp., vol. 23, no. 1,
pp. 154–164, Jan. 2015.

[37] R. Woodward et al., “Tunable Q-switched fiber laser based on saturable
edge-state absorption in few-layer molybdenum disulfide (MoS2 ),” Opt.
Exp., vol. 22, no. 25, pp. 31113–31122, Dec. 2014.

[38] P. Yan et al., “A practical topological insulator saturable absorber for
mode-locked fiber laser,” Sci. Rep., vol. 5, p. 8690, Mar. 2015.

[39] L. Sun et al., “Preparation of few-layer bismuth selenide by liquid-phase-
exfoliation and its optical absorption properties,” Sci. Rep., vol. 4, p. 4794,
Apr. 2014.

[40] J. Sotor, G. Sobon, and K. M. Abramski, “Sub-130 FS mode-locked Er-
doped fiber laser based on topological insulator,” Opt. Exp., vol. 22, no. 11,
pp. 13244–13249, Jun. 2014.

[41] M. Liu et al., “Microfiber-based few-layer MoS2 saturable absorber for
2.5 GHz passively harmonic mode-locked fiber laser,” Opt. Exp., vol. 22,
no. 19, pp. 22841–22846, Sep. 2014.

[42] K. Yin et al., “Soliton mode-locked fiber laser based on topological insu-
lator Bi2 Te3 nanosheets at 2 μm,” Photon. Res., vol. 3, no. 3, pp. 72–76,
Feb. 2015.

[43] M. Jung et al., “A femtosecond pulse fiber laser at 1935 nm using a
bulk-structured Bi2 Te3 topological insulator,” Opt. Exp., vol. 22, no. 7,
pp. 7865–7874, Apr. 2014.

[44] Z. Luo et al., “1-, 1.5-, and 2-μm fiber lasers Q-switched by a broadband
few-layer MoS2 saturable absorber,” J. Lightw. Technol., vol. 32, no. 24,
pp. 4077–4084, Dec. 2014.

[45] C. Zhao et al., “Wavelength-tunable picosecond soliton fiber laser with
topological insulator: Bi2 Se3 as a mode locker,” Opt. Exp., vol. 20, no. 25,
pp. 27888–27895, Dec. 2012.

[46] Y. Chen et al., “Large energy, wavelength widely tunable, topological insu-
lator Q-switched erbium-doped fiber laser,” IEEE J. Sel. Topics Quantum
Electron., vol. 20, no. 5, p. 0900508, Dec. 2013.

[47] H. Qiao et al., “Broadband photodetectors based on graphene-Bi2 Te3
heterostructure,” ACS Nano, vol. 9, no. 2, pp. 1886–1894, Jan. 2015.

[48] H. Mu et al., “Graphene-Bi2 Te3 heterostructure as saturable absorber for
short pulse generation,” ACS Photon., vol. 2, no. 7, pp. 832–841, Jun.
2015.

[49] C. Chen et al., “Tunable Dirac fermion dynamics in topological insula-
tors,” Sci. Rep., vol. 3, p. 2411, Aug. 2013.

[50] W. Dang, H. Peng, H. Li, P. Wang, and Z. Liu, “Epitaxial heterostructures
of ultrathin topological insulator nanoplate and graphene,” Nano Lett.,
vol. 10, no. 8, pp. 2870–2876, Jul. 2010.

[51] N. Kim et al., “Persistent topological surface state at the interface of
Bi2 Se3 film grown on patterned graphene,” ACS Nano, vol. 8, no. 2,
pp. 1154–1160, Jan. 2014.

[52] O. Shevtsov et al., “Graphene-based heterojunction between two topolog-
ical insulators,” Phys. Rev. X, vol. 2, no. 3, p. 031004, Jul. 2012.

[53] Y. Jiang et al., “Fermi-level tuning of epitaxial Sb2 Te3 thin films on
graphene by regulating intrinsic defects and substrate transfer doping,”
Phys. Rev. Lett., vol. 108, no. 6, p. 066809, Feb. 2012.

Zhiteng Wang received the Ph.D. degree from the College of Physics and Mi-
croelectronic Science of Hunan University, Changsha, China, in 2013. He is cur-
rently a Postdoctoral Researcher with Shenzhen University- National University
of Singapore (SZU-NUS) Collaborative Innovation Center for Optoelectronic
Science and Technology, College of Optoelectronic Engineering, Shenzhen Uni-
versity, Shenzhen, China. He has authored and coauthored more than 10 papers
in Science Citation Index international journals. His research interests include
ultrafast fiber laser and nonlinear optics.

Haoran Mu is currently working toward the M.S. degree at the Collaborative
Innovation Center of Suzhou Nano Science and Technology, Soochow Univer-
sity, Suzhou, China. His research interest include on 2-D materials and devices.

Jian Yuan is currently working toward the M.S. degree at the Collaborative In-
novation Center of Suzhou Nano Science and Technology, Soochow University,
Suzhou, China. His research interest include synthesis of 2-D materials.

Chujun Zhao received the B.S. and M.S. degrees in physics from Hunan
University, Changsha, China, in 2002 and 2005, respectively, and the Ph.D.
degree in optics from the Shanghai Institute of Optics and Fine Mechanics,
Chinese Academy of Sciences, Shanghai, China, in 2008. He is currently an
Associate Professor with Hunan University, Changsha, China. He has authored
and coauthored more than 30 journal papers. His current research interests
include ultrafast pulse generation and its applications.

Qiaoliang Bao received the Ph.D. degree from Wuhan University, Wuhan,
China, in 2007. He is currently a Professor at the Institute of Functional Nano
and Soft Materials, Soochow University, Suzhou, China. He has authored and
coauthored more than 80 scientific publications in peer-review journals. His cur-
rent research interests include photonics and optoelectronics of 2-D materials.

Han Zhang received the Bachelor’s of Science degree from Wuhan University,
Wuhan, China, in 2006, and the Ph.D. degree from Nanyang Technological
University, Singapore, in 2011. Since 2014, he has been a Professor with Shen-
zhen University, Shenzhen, China. He has authored and coauthored more than
40 scientific publications in international indexed journals and conferences. His
current research interest includes nonlinear fiber optics and its applications.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


