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ABSTRACT: Rapid progresses have been achieved in the
photonic applications of two-dimensional materials such as
graphene, transition metal dichalcogenides, and topological
insulators. The strong light−matter interactions and large
optical nonlinearities in these atomically thin layered materials
make them promising saturable absorbers for pulsed laser
applications. Either Q-switching or mode-locking pulses with
particular output characteristics can be achieved by using
different saturable absorbers. However, it remains still very
challenging to produce saturable absorbers with tunable optical
properties, in particular, carrier dynamics, saturation intensity
as well as modulation depth, to suit for self-starting, high
energy or ultrafast pulse laser generation. Here we report a
new type of saturable absorber which is a van der Waals heterostructure consisting of graphene and Bi2Te3. The synergetic
integration of these two materials by epitaxial growth affords tunable optical properties, that is, both the photocarrier dynamics
and the nonlinear optical modulation are variable by tuning the coverage of Bi2Te3 on graphene. We further fabricated
graphene−Bi2Te3 saturable absorbers and incorporated them into a 1.5 μm fiber laser to demonstrate both Q-switching and
mode-locking pulse generation. This work provides a new insight for tailoring two-dimensional heterostructures so as to develop
desired photonic applications.
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Graphene has been demonstrated to be a new and effective
saturable absorber for the pulsed laser.1 There are two

important characteristics for graphene photonics: the first one
is its inherent ultrawide spectral range due to the linear
dispersion near the Dirac point, which enables the occurrence
of saturable absorption over a very broad operation wavelength
range; the second one is its ultrafast recovery time (intraband
relaxation time <150 fs), which affords the capability to
generate shorter pulse than other saturable absorption
materials.2 These properties are not observed in conventional
semiconductor saturable absorber mirror (SESAM)3 and
carbon nanotube (CNT) based saturable absorbers.4 Till
now, graphene has been used for the generation of Q-switched
and mode-locked pulses in fiber lasers,1,5−9 solid lasers,10−12

and waveguide lasers,13 in which the working wavelength is

covered from 800 nm11 to 3 μm.7 Nevertheless, there are some
shortcomings for graphene-based SAs even though intensive
efforts have been made. In particular, the absolute optical
modulation depth of monolayer graphene is very low (typically
around 1%) due to the relatively low absorption strength of one
atomic layer.14 Despite that the increase in the number of
graphene layers can enhance the modulation depth, unwanted
nonsaturable losses will also rise, which might be not desirable
for practical laser applications.
Inspired by the progress in graphene-based saturable

absorber, many other grephene-like two-dimensional (2D)
nanomaterials, such as topological insulators (TIs, for example,
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Bi2Se3,
15,16 Bi2Te3,

17−20 and Sb2Te3
21,22), and transition metal

dichalcogenides (TMDs, for example, MoS2
23−25), have been

demonstrated to be new candidates for saturable absorbers that
have similar applications in short pulse generation. Among
those new saturable absorption materials, TIs have a very high
modulation depth (∼70% at the wavelength of 1570 nm),26 but
the transient carrier dynamics, specifically, the relaxation time
of intraband excitation is quite long (>500 fs) according to
theoretical and experimental investigations, indicating that TIs
are relatively slower SAs in comparison with graphene.27−29 By
choosing a suitable saturable absorber, either Q-switching or
mode-locking pulses with particular output characteristics can
be achieved. In a recent report,9 the modulation depth of
graphene can also be adjusted through an additional
modulating light, and mode-locking pulses can be generated
with tunable pulse duration. However, it is still very challenging
to make saturable absorbers with controllable carrier dynamics
as well as modulation depth to achieve different laser operation
states. Here we provided a material design approach to produce
saturable absorbers with controllable optical properties.
In the paper, we controllably grow graphene−Bi2Te3

heterostructures and systematically investigated the carrier
dynamics as well as the corresponding nonlinear optical
properties. Our work suggests that the exciton relaxation time
of graphene−Bi2Te3 heterostructure is tunable depending on
the coverage of Bi2Te3, and their modulation depth is also
tunable and much higher than monolayer graphene due to
larger absorption from Bi2Te3 nanocrystals. We further
fabricated graphene−Bi2Te3 SAs and integrated them into a
1.5 μm fiber laser to realize both Q-switching and mode-locking
pulse generation.

■ RESULTS AND DISCUSSION
Material Characterizations. The graphene−Bi2Te3 heter-

ostructure materials were produced by two-step chemical vapor
deposition (CVD) in which monolayer graphene thin film was

grown on copper substrate, and subsequently, Bi2Te3 nano-
platelets were deposited on graphene substrate. Unlike the
general method, which just mechanically overlaps Bi2Te3 with
graphene, in our approach thin nanocrystals of Bi2Te3 are
directly grown on graphene film and can form van der Waals
interactions between these two materials. Due to the similar
hexagonal crystal structure, small lattice mismatch (∼2.7%),
and similar thermal expansion coefficient, the heterostructure
consisting of graphene and Bi2Te3 has a well-defined interface
facilitating the transfer of photoexcited carriers.30−32 Using a
wet-chemistry transfer technique similar to that used for CVD
graphene, the graphene−Bi2Te3 heterostructure thin film can
be easily lifted off and transferred onto other substrates. Here
the sample was transferred onto the cross-section of FC/PC
fiber connector (shown in Figure 1a) and then sandwiched
between two fiber connectors, which is called “sandwiched
structure”. This combined structure can be easily integrated
into fiber laser cavity as a saturable absorber device.
By changing the Ar gas flow and temperature during the

epitaxial growth of Bi2Te3, we are able to produce graphene−
Bi2Te3 heterostructure membranes with different coverage but
the same thickness of Bi2Te3 layer. Three samples that have 15,
65, and 85% coverage of Bi2Te3 are shown in Figure 1b−d,
respectively. Many nonregular shape Bi2Te3 nanoplatelets are
found on the surface of 15% coverage sample (Figure 1b), and
some of them are triangle and hexagonal, indicating single
crystal nature. While the coverage is increased, those Bi2Te3
nanoplatelets become bigger and merge together to form a
nearly continuous thin film (Figure 1d). Atomic force
microscopy is further performed to characterize the morphol-
ogy and thickness of graphene−Bi2Te3 heterostructure
membrane, as shown in Figure 1e. It is found that even in
the sample with very high coverage the Bi2Te3 nanoplatelets are
still quite thin (about 8.5 nm thick).
Figure 1f shows a typical Raman spectrum at 633 nm laser

excitation. The Raman peaks of graphene locates at high

Figure 1. Material characterizations of graphene−Bi2Te3 heterostructure. (a) Schematic of graphene−Bi2Te3 heterostructure on the end-facet of
fiber connector. (b−d) SEM images with 15, 65, and 85% coverage of Bi2Te3, respectively. The scale bars are all 10 μm. (e) AFM image of the
Bi2Te3 nanoplatelets on a SiO2 substrate. (f) Raman spectrum of the graphene−Bi2Te3 heterostructure.
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frequency range from 1200 to 3000 cm−1, while the Raman
peaks of Bi2Te3 nanoplatelets is at the lower frequency range
from 30 to 200 cm−1. The two characteristic peaks 1598 (G
band) and 2652 cm−1 (2D band) correspond to the stretching
of the C−C bond and a second-order two-phonon process in
sp2 carbon hybridization, respectively. The 2D band is higher
than G band, indicating that it is monolayer graphene.
Compared to that of pure graphene, the G peak and 2D
peak have obvious shifts (see Figure S1), which suggests the
formation of heterostructure as well as interlayer interaction
between graphene and Bi2Te3.

33 The relatively weak D band
peak at 1350 cm−1 suggests that the graphene film is of high
quality. Three characteristic peaks of Bi2Te3 were observed at
69.5, 94.6, and 119.7 cm−1, which are consistent with the A1 1g,
E2 g, and A2 1g vibrational modes of Bi2Te3 crystal,
respectively. The coexistence of these peaks is the direct
evidence of the successful formation of graphene−Bi2Te3
heterostructure.

Energy Structure. An energy diagram is proposed in Figure
2a to illustrate the optical excitation of carriers as well as the
possible transfer process in graphene−Bi2Te3 heterostructure.
Graphene has linear energy dispersion without bandgap, while
Bi2Te3 has a small bandgap of about 0.165 eV for bulk state and
possibly a Dirac-type surface states (binding energy of Dirac
point is 0.34 eV). According to previous reports, as-grown
graphene is slightly p-doped due to the doping effect of
substrates, defects, water molecules, and oxygen in air,34 while
Bi2Te3 is normally n-doped due to Te vacancies.35,36 Mean-
while, the work function of Bi2Te3 (∼5.3 eV)

37,38 is higher than
graphene (∼4.6 eV).39 As a result, a heterojunction similar to
metal−semiconductor contact forms at the interface of
graphene and Bi2Te3 due to the electron transfer from
graphene to Bi2Te3. Based on this special energy structure,
we are able to predict a few optical properties, that is, the
heterojunction materials should have a broadband absorption
characteristics from visible to infrared due to zero bandgap in

Figure 2. Optical characterizations of graphene−Bi2Te3 heterostructure. (a) Schematic diagram showing the optical transitions in graphene−Bi2Te3
heterostructure. (b) UV−visible near-infrared absorption spectrum of graphene and graphene−Bi2Te3 heterostructure. (c) Saturable absorption data
measured by an open-aperture Z-scan setup. (d) The modulation depths of graphene−Bi2Te3 heterostructure samples with different Bi2Te3
coverage.
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graphene and small bandgap in Bi2Te3. We can also expect to
see the modification of carrier dynamics in this heterostructure
because the appearance of graphene provides a fast channel for
the photoexcited carriers to relax, that is, the photoexcited
carriers in Bi2Te3 will be injected into graphene and become a
“Dirac Fermions” due to the band bending caused by interlayer
interactions. The direct consequence is that the carrier
relaxation will become faster in graphene−Bi2Te3 hetero-
structure in comparison to that in pure Bi2Te3. In addition, the
optical absorption strength can be greatly increased by Bi2Te3,
which could benefit to stronger optical nonlinearity and lead to
larger modulation depth. These assumptions will be verified in
the following section.
Optical Properties Characterization. Figure 2b shows

the linear optical transmission spectra of graphene−Bi2Te3
heterostructure thin films. Here we choose three samples
with 15, 65, and 85% coverage of Bi2Te3. Their transmission
rate at the wavelength of 1550 nm is 86.1, 72.2, and 64.1%,
respectively. The heterostructure shows a remarkably enhanced
light absorption over a wide range of wavelengths due to the
strong absorption of Bi2Te3. Furthermore, inheriting the linear
optical properties of pure graphene and pure Bi2Te3, the
graphene−Bi2Te3 heterostructure sample also has a relatively
flat absorption curve in the visible to near-infrared wavelength
range, which is desired for the broadband optical applications.
The nonlinear response of graphene−Bi2Te3 samples with

different Bi2Te3 coverage is studied by the open aperture Z-scan
measurement technique, and the corresponding normalized Z-
scan curves are shown in Figure 2c. It is found that all the traces
have a sharp and narrow peak located at the beam focus,
showing the feature of optical saturable absorption (that is,
optical absorbance decreases with the increase of the incident
optical power but reaches at a constant value once the optical
power exceeds a threshold). We interestingly note that while
the coverage of Bi2Te3 is increased from 15 to 85%, the
normalized modulation depth increases from 14.7 to 50.1%,
indicating a new strategy to tune the nonlinear response of
heterostructure materials by controlling the coverage. Accord-
ing to previous Z-scan measurements,26,40 the normalized
modulation depth of graphene and Bi2Te3 are 4 and 70%,
respectively. The rational design of these two 2D materials
achieve a tunable and compromised modulation depth, which
affords particular photonic applications, such as laser mode-
locking to generate pulses, in which particular modulation
strength by the saturable absorber is needed.
Combined the linear transmission rate with the normalized

modulation depth at the wavelength of 1550 nm, we can get the
absolute modulation depth of each samples. The tunable range
of absolute modulation depth is from 12.6 to 32.05%, which is
far higher than that of graphene (∼1% per layer). The
graphene−Bi2Te3 heterostructure should be a promised
saturable absorption material.
Carrier Dynamics. The carrier dynamic of a saturable

absorber plays an important role to determine how short a
pulse can be produced in passively mode-locked laser.41 In view
of the nonlinearities in time domain, the nonlinear optical
response should be described by the interplay between
intraband and interband dynamics. As we know, the carrier
relaxation time in graphene can be described by a
biexponentially decaying function, ΔT(t)/T = A1 exp(−t/τ1)
+ A2 exp(−t/τ2), where those two components (τ1 and τ2) of
decay time correspond to the carrier−carrier intraband collision
and interband recombination, respectively.42 Graphene is

normally considered as a fast saturable absorber because its
intraband electron relaxation happens within a very short time
(τ1 ≈ 100 fs).8 Its interband electron relaxation time is
measured to be ∼1.5 ps.2 The carrier dynamics of Bi2Te3 has
been measured by time-resolved angle-resolved photoemission
spectroscopy (TrARPES).27,28 Its intraband and interband
relaxation times are found to be more than 500 fs and 5 ps,
respectively.27 We carried out pump−probe experiments to
investigate the carrier dynamics of three heterostructure
samples with different coverage of Bi2Te3, as discussed above.
The experimental results are shown in Figures 3 and S2. After
fitting the experimental data by the exponentially decaying

Figure 3. Transient absorption dynamics of graphene−Bi2Te3
heterostructure samples pumped and probed at the wavelength of
1550 nm. The open green dots are experimental data and the red
curves are analytically fit to the data using exponentials with a time
constant τ. (a) The sample with 15% coverage of Bi2Te3. (b) The
sample with 65% coverage of Bi2Te3. (c) The sample with 85%
coverage of Bi2Te3.
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function, it is interesting to find that the intraband relaxation
constant (τ1) is tunable, that is, τ1 is calculated to be 191, 262,
and 296 fs for the samples with 15, 65, and 85% coverage of
Bi2Te3, respectively. The interband electron relaxation times
(τ2) of these three samples are found to be a few picoseconds
(see Figure S2), which are longer than that of pure graphene.
Considering that graphene is a fast saturable absorber and
Bi2Te3 is a slower one, the formation of graphene−Bi2Te3
heterostructure speeds up the carrier dynamics in Bi2Te3 due to
fast charge transfer and relaxation channel in graphene.43 On
the other hand, the interaction with Bi2Te3 also slows down the
carrier dynamics in graphene due to additional collisions of
carriers injected from Bi2Te3. Last, one of the important
deliveries of this work is that saturable absorbers with tunable
carrier dynamics are achievable via the engineering of two 2D
materials. This will greatly enrich the potential photonic
applications of 2D materials, including pulse laser generation
and photodetection, as well as solar energy harvesting.
In-Line Saturable Absorption Measurements. In order

to evaluate the modulation depth as well as the nonsaturable
absorption loss of our samples, we performed in-line saturable
absorption measurements on graphene-Bi2Te3 heterostructure
samples with 15 and 85% Bi2Te3 coverage. The experimental
setup with balanced twin-detector is shown in Figure 4a. The
optical source is a passively mode-locked fiber laser with
repetition rate of 8.93 MHz, central wavelength range of 1560
nm, pulse width of 1.98 ps, and output power up to 20 mW. By
continuously adjusting the input power, we could record the
optical transmittance under different input intensities. The
saturable absorption in graphene−Bi2Te3 heterostructure can
be fitted by

α
α

α=
+

+I
I I

( )
1 /

S

S
NS

(1)

where αS and αNS are the saturable and nonsaturable
absorption, IS is the saturation intensity, defined as the optical
intensity required in a steady state to reduce the absorption to
half of its unbleached value.1 One can deduce that graphene−
Bi2Te3 heterostructure with 85% coverage of Bi2Te3 has a
modulation depth of 41.88% and saturation intensity of 7.29
MW/cm2, as shown in Figure 4b. The sample with 15%
coverage of Bi2Te3 owns a modulation depth of 11.56% and
saturation intensity of 10.95 MW/cm2, as shown in Figure 4c.
The modulation depths obtained here are close to those
measured in open-aperture Z-scan measurements (i.e., 41.88 vs
32.05% and 11.56 vs 12.6%). The small discrepancy may
originate from different testing conditions and fitting functions.
The linear transmission rates of these two devices are 37.11 and
69.46%, respectively. And the nonsaturable losses are 21.01 and
18.98%, respectively, which are much higher than those
indicated by Z-scan measurements. The reason is that extra
losses such as inserting loss of fiber connector and fiber spice
loss will be introduced into the measurements.
It is noteworthy that the modulation depth of hetero-

structure sample with 85% coverage of Bi2Te3 is 4× that of the
sample with 15% coverage of Bi2Te3. It has been previously
reported that comparable modulation depth can also be
observed from multilayer graphene films.1,8 However, there
lacks a feasible method to produce large area multilayer
graphene with controllable thickness and good uniformity. Our
heterostructure materials offer us new opportunities to choose
suitable saturable absorbers with desired light modulation
capability as the modulation depth largely influences the output
state of fiber pulse laser.

Figure 4. Saturable absorption properties of fiber-coupled graphene−Bi2Te3 saturable absorbers measured by twin-detector measurement technique.
(a) Schematic diagram of the twin-detector measurement experimental setup. (b) Nonlinear transmission curve of a graphene−Bi2Te3 saturable
absorber with 85% coverage of Bi2Te3. (c) Nonlinear transmission curve of a graphene−Bi2Te3 saturable absorber with 15% coverage of Bi2Te3.
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Pulsed Laser Applications. As discussed above, we have
grown graphene−Bi2Te3 heterostructure with controllable
saturable absorption and modulation depth, as well as carrier
dynamics by engineering the coverage of top layer material (i.e.,
Bi2Te3). It is intriguing to apply this new material for pulsed
laser applications, either Q-switching or mode-locking, which
will be elaborated hereinafter.
Laser Cavity. The configuration of the laser cavity is

schematically shown in Figure 4. A piece of 3 m highly doped
Erbium-doped fiber as gain medium was forward pumped by a
975 nm laser diode through a 980 nm/1550 nm wavelength
division multiplexer (WDM). A polarization-independent
isolator (ISO) was used to ensure the direction of light
propagation. The cavity polarization state and intracavity
birefringence was adjusted by a polarization controller (PC).
A 10% coupler was employed to direct the output signal to
oscilloscope. The single mode fiber (SMF) was added into the

cavity to compress optical pulses and improve pulse quality,
which is important to achieve different pulse generation regime.
Two fiber-coupled saturable absorber devices (graphene−
Bi2Te3 heterostructures with 15 and 85% coverage of Bi2Te3)
were inserted between PC and coupler for pulse reshaping and
generation.

Q-Switching. Figure 5 shows the results of a Q-switching
operation state of the fiber laser using a graphene−Bi2Te3
heterostructure with 85% coverage of Bi2Te3 as saturable
absorber. It was found that continuous wave operation started
at a pump power of 47.4 mW and stable Q-switched operation
was obtained once the pump power exceeded a threshold value
of 53.3 mW. The total cavity length is about 12.5 m and a
pump power of 218.3 mW is used to collect the experimental
data shown in Figure 5a−d. A typical optical spectrum with a
central wavelength of 1561.07 nm is depicted in Figure 5a,
which gives a 3-dB spectral bandwidth of 0.52 nm. The stable

Figure 5. Typical Q-switching characteristics: (a) optical spectrum; (b). Q-switching pulse train; (c) single Q-switching pulse; (d) the radio
frequency optical spectrum at the fundamental frequency and the wideband RF spectrum (inset); (e) pulse repetition rate and duration vs incident
pump power; (f) output average power and pulse energy versus incident pump power.
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Q-switched pulse train has a repetition rate of 27.29 kHz,
corresponding to a time interval between adjacent pulses of
36.64 μs, as shown in Figure 5b. The inset shows the pulse train
in 10 ms scale, from which a nearly uniform intensity
distribution without modulation was observed. All the pulses
have symmetric intensity profile without any amplitude
modulation (at either cavity fundamental or harmonic
frequency) on each single Q-switched pulse envelope,
indicating that the self-mode-locking effect had been effectively
suppressed. The full width at half-maximum (fwhm) of the
individual pulse is 3.707 μs, as shown in Figure 5c. To
investigate the laser stability, we measured its corresponding
radio frequency (RF) spectrum. As can be seen in Figure 5d,
the signal-to-noise ratio (SNR) is over 47.5 dB, indicating that
the Q-switched pulse operates in a relatively stable regime.
Moreover, apart from the fundamental and harmonic
frequency, we did not observe other frequency component in
the RF spectrum with wider span as shown in the inset, further
confirming high stability of the Q-switched pulse.
Figure 5e reveals the relationship between pulse duration as

well as repetition rate and the pump power. With the increase
of the pump power from 59.9 to 304 mW, the repetition rate
increases from 9.3 to 35.07 kHz and the pulse duration
decreases from 23 to 3.247 μs. Once pump power exceeds
198.5 mW, pulse duration is almost contact at around 3.5 μs,
probably because of the saturation of the upper energy level.
Figure 5f shows output average power and pulse energy of our
Q-switched fiber laser as a function of input pump power. It is
found that the average output power increases almost linearly
with the input pump power and reaches a maximum at 3.197
mW, which is only limited by the maximum input pump power.
By contrast, the single pulse energy increases rapidly and tends
to be saturated when the pump power is further increased

beyond 158.9 mW. The highest pulse energy is 93.18 nJ at a
pump power of 256 mW. During the entire testing range of
input power, the Q-switched pulses keep very stable, indicating
a high quality and thermal stability of our graphene-Bi2Te3
heterojunction saturable absorber. Considering the nonlinear
optical properties of this saturable absorber, we suggest that
high modulation depth as well as low transmission rate blocks
the self-starting of mode-locking state in a standard ring fiber
laser cavity.

Soliton State Mode-Locking. By changing the length of
SMF, the cavity net dispersion was tuned, and stable mode-
locking can be achieved. It was found that stable mode-locking
state happens at a relatively low threshold power of 40 mW
using the heterostructure sample with 15% Bi2Te3 coverage.
Figure 6 summarized the mode-locking characteristics under
the pump power of 140.7 mW. The typical optical spectrum of
mode-locked pulse is shown in Figure 6a. The 3 dB bandwidth
is 3.4 nm and the central wavelength is around 1568.07 nm.
The symmetrical sidebands are clearly observed on the
spectrum, attesting to a very stable soliton state.44 The pulse
train shown in Figure 6b has a repetition rate of 17.3 MHz,
which corresponds to the total cavity length of 11.56 m.
Considering that the measured output power is 3.07 mW, the
single pulse energy is calculated to be 0.178 nJ. The
autocorrelation (AC) trace of a single soliton pulse is shown
in Figure 6c, with a fwhm of 837 fs. The corresponding time-
bandwidth product (TBP) is 0.34. The data is very close to the
typical value of sech2 pulse profile (TBP = 0.314), indicating
that the soliton is very stable with little chirped.45 To further
investigate the signal-to-noise ratio, we also measured the radio
frequency (RF) spectrum of the mode-locked pulses. Its
fundamental peak locates at the cavity repetition rate (17.3
MHz), as shown in Figure 6d, with a signal-to-noise ratio of

Figure 6. Typical mode-locking characteristics: (a) typical mode-locking optical spectrum; (b) mode-locking pulse train; (c) autocorrelation trace;
(d) the RF optical spectrum at the fundamental frequency and the wideband RF spectrum (inset).
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60.7 dB (106 contrast). The strong noise suppressing capability
is associated with the ultrafast carrier dynamics (i.e., τ1 = 191
fs) of this saturable absorber.46 This further confirms that the
soliton pulses have very high quality in terms of good stability.
The inset of Figure 6d shows the wideband RF spectrum up to
200 MHz. The absence of spectral modulation in RF spectrum
indicates that the laser works in a CW mode-locking regime.3

■ CONCLUSIONS

The graphene−Bi2Te3 heterostructure membranes with con-
trollable optical properties were successfully produced and
applied for pulsed laser generation. The formation of
graphene−Bi2Te3 heterostructure gives a larger modulation
depth than pure graphene and faster carrier dynamcis than pure
Bi2Te3. By controlling the coverage of Bi2Te3 nanoplatelets, the
modulation depth is tuned from 14.7 to 50.1% and the carrier
relaxation time is adjusted from 191 to 296 fs. By choosing
suitable G-Bi2Te3 materials to fabricate saturable absorber
device, both typically Q-switching and mode-locking states
were observed. The Q-switching pulses have a maximum
output power of 3.197 mW, a highest pulse energy of 93.18 nJ,
a tunable repetition rate increases from 9.3 to 35.07 kHz and a
tunable pulse width from 23 to 3.247 μs. The typically mode-
locking pulses have a pulse width of 837 fs with a small TBP of
0.34 which can be attributed to a stable soliton state. Our
research delivers a new tunable photonics materials which may
find wide applications for pulse laser generation or signal
processing.

■ EXPERIMENTAL SECTION

A standard CVD process was used to grow graphene on 25 μm
thick copper foils (Alfa Aesar, item No. 13382).47 The
graphene film was then wet-transfer onto SiO2 substrate for
further growth of Bi2Te3 nanoplatelets on top of it, which were
produced by physical vapor deposition method in a separate
tube furnace. Bi2Te3 powder (Alfa Aesar, purity: 99.999%) was
placed in the center of the furnace (about 500 °C) as the source
material for evaporation. The graphene/SiO2 samples were
placed at the region with a temperature range of 290−360 °C.
Argon was used as the carrier gas to transport the Bi2Te3 vapor
onto the graphene films. The as-produced graphene-Bi2Te3
heterostructure thin films were then wet-transferred onto
quartz substrate for optical characterizations and cross-section
of optical fiber ferrule as saturable absorber device.
The morphology of the graphene-Bi2Te3 heterostructure was

investigated in SEM (FEI Quanta 200 FEG, acceleration
voltage: 5−30 kV). The crystal morphology and thickness were
characterized using a scanning probe microscopy (Bruker
Multimode V). The Raman spectrum was measured on
confocal micro-Raman system (Horiba Jobin-Yvon Labram
HR800).
The open-aperture Z-scan measurements were performed

using a femtosecond pulse laser, which was pumped by a
Ti:sapphire regenerative amplifier system. The output pulses
work at the central wavelength of 1550 nm with a repetition
rate of 2 kHz and a pulse duration of 45 fs. The incident laser
beam was focused by a lens with the focus distance of 150 mm
and the beam waist is 30 μm, corresponding to peak intensity
up to 13.375 GW/cm2. 5% of the laser beam was split as the
reference beam. The graphene−Bi2Te3 sample was mounted on
a linear translation stage. The relative distance between the
objective lens and the graphene−Bi2Te3 sample can be

continuously varied by the motorized linear translation stage.
A second detector was used to measure the entire laser beam
intensity passing through the sample.
The transient transitivity measurements were performed

using a femtosecond pulse laser with pulse duration of 45 fs and
repetition rate of 2 kHz. Both the pump light and the probe
light are at 1550 nm. The pump incident intensity is 0.8235
GW/cm2 and the intensity ratio of the pump to the probe was
kept at least 20:1. Any coherent artifact on the transient signal
was eliminated by using the cross-polarized configuration. It has
been examined that the probe beam alone could not cause any
nonlinear effect in our experiments.
The fiber laser cavity consists of a piece of 3 m Erbium-

doped fiber (LIEKKI Er-16/125), WDM, ISO, PC, coupler,
SMF with GVD of −23 ps2 km−1, and a graphene−Bi2Te3
saturable absorber device. The output frequency-domain
characteristics and the time-domain profile characteristics
were simultaneously monitored by an optical spectrum analyzer
(YOKOGAWA AQ6370C), a 1 GHz oscilloscope (Tektronix
MDO3104) integrated with the RF spectrum analysis function
(bandwidth: 3 GHz) and a second harmonic generation
autocorrelator (FR-103MN).
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