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Abstract: We reported on the generation of femtosecond pulse in a fiber 
ring laser by using a polyvinyl alcohol (PVA)-based topological insulator 
(TI), Bi2Se3 saturable absorber (SA). The PVA-TI composite has a low 
saturable optical intensity of 12 MW/cm2 and a modulation depth of ~3.9%. 
By incorporating the fabricated PVA-TISA into a fiber laser, mode-locking 
operation could be achieved at a low pump threshold of 25 mW. After an 
optimization of the cavity parameters, optical pulse with ~660 fs centered at 
1557.5 nm wavelength had been generated. The experimental results 
demonstrate that the PVA could be an excellent host material for fabricating 
high-performance TISA, and also indicate that the filmy PVA-TISA is 
indeed a good candidate for ultrafast saturable absorption device. 
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1. Introduction 

Ultrashort pulses have received much attention due to the great significance in a variety of 
applications, such as optical communications, spectroscopy, biomedicine, and material 
processing [1–3]. As a simple and economic ultrashort pulse source, passively mode-locked 
fiber lasers have been extensively investigated in the past decade. To date, several passively 
mode-locked techniques, such as nonlinear polarization rotation (NPR) [4,5], nonlinear 
amplifying loop mirror (NALM) [6–8], and real saturable absorber (SA) [9–16], were 
employed to achieve ultrashort pulses in fiber lasers. Among them, inserting a high 
performance material based SA into the laser cavity was allowing successful mode-locking to 
be achieved with free cavity designs compared with other two techniques. Therefore, several 
types of SAs had been demonstrated to achieve the passive mode-locking operation of fiber 
lasers. In recent years many researches had focused their attention on nanomaterial based 
SAs, which function as the rising candidates for ultrafast lasers due to their distinguished 
advantages in ultrafast recovery time, controllable modulation depth, and easy fabrication 
[11–16]. In particular, graphene, a type of Dirac nanomaterials, had been successfully 
demonstrated as a medium that allows for high performance ultrafast fiber lasers [13–16]. 

Recently, topological insulator (TI), another type of Dirac nanoscale materials, was also 
proposed to as SA device to obtain ultrashort pulses in fiber lasers. F. Bernard et al. have 
firstly presented the saturable absorption behavior of TIs around 1550 nm [17]. In the 
following, by inserting the TIs-based SA into the laser cavity, Zhao et al. further 
demonstrated the mode-locked picosecond pulses in fiber laser [18,19]. Very recently, it was 
also shown that the TIs possess the saturable absorption around 1060 nm wavelength range, 
indicating that the TI is a material with broadband saturable absorption [20,21]. In addition, 
taking advantage of the large nonlinear refractive index of TI [22], we had obtained high 
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repetition rate pulse with a microfiber-based TISA, demonstrating that the TIs could operate 
as both the high nonlinear photonic device and the SA in the laser system [23]. However, all 
the mode-locked fiber lasers based on TISA delivered the pulse-trains with the durations of a 
few picoseconds while the femtosecond pulse have not yet been achieved. The limited pulse 
duration (picosecond regime) observed in previously reported TI mode-locked fiber lasers 
could be caused by the large anomalous cavity dispersion. Moreover, the TISAs reported 
before were fabricated by spraying TI on a quartz plate [18–20], and depositing it onto the 
fiber end facet [21,24] or microfiber [23]. In fact, for the purpose of flexibility, cost-effective 
and controllability, a filmy TISA composited by polyvinyl alcohol (PVA) or polymethyl 
methacrylate (PMMA) would be more favorable. As we know, the pulse characteristics, such 
as duration and stability, could be affected by the fabrication method of the nanomaterial-
based SA and the cavity dispersion [13–16]. Therefore, a question would arise as to whether 
the femtosecond pulse could be achieved by inserting a filmy TISA into a fiber laser. 

In this work, we reported on the generation of femtosecond pulse from an anomalous-
dispersion fiber ring laser by using a filmy TISA composited by the PVA. The measured 
Raman spectrum of the PVA-TISA shows that the TI: Bi2Se3 nano-sheets could maintain their 
structure when embedding into the PVA. The modulation depth and the saturable intensity are 
3.9% and 12 MW/cm2, respectively. By inserting the PVA-TISA into a fiber laser, ~660 fs 
output pulse centered at 1557.5 nm wavelength could be obtained. These results suggest that 
the TISA could be indeed a good candidate of ultrafast saturable absorption device, and also 
demonstrate that the PVA could be the excellent host for fabricating high-performance TISA. 

2. Fabrication and characteristics of the PVA-TISA 

The TI: Bi2Se3 nanosheets could be synthesized by various methods such as chemical vapor 
transport, mechanical exfoliations by Scotch tape or peeling by an atomic force microscope 
tip, molecular beam epitaxial growth etc . Here, the polyol method was utilized to synthesize 
Bi2Se3 nanosheets [25,26]. The TI nanosheets for the SA fabrication are the same as those 
reported in Ref [22]. The dispersion enriched TI solution is prepared by ultra-sonicating 
Bi2Se3 nanosheets for 1 hour in acetone solution, as shown in Fig. 1(a). The concentration of 
TI/acetone solution is ~0.1 mg/ml. Then 1 mL TI/acetone solution is mixed with 5 mL 
aqueous solution of polyvinyl alcohol (PVA) and ultrasonicated for 30 minutes. The mixture 
is then evaporated at room temperature on a slide glass, resulting in the formation of a filmy 
PVA-TI composite, as presented in Fig. 1(b). Finally the prepared PVA-TI composite is 
placed between two fiber connectors to form a fiber-compatible SA, as shown in Fig. 1(c). 

 

Fig. 1. (a) Image of Bi2Se3 acetone solution; (b) Image of TI-PVA film; (c) Image of the 
fabricated fiber-compatible PVA-TISA. 

In order to check that whether the TI Bi2Se3 nano-sheets could maintain their structures or 
not after it has been embedded into PVA, we performed the Raman spectrum analysis on the 
samples. Figure 2(a) compares the Raman spectra of the filmy PVA-TISA (blue curve) and 
pure PVA film (black curve) in the range of 0-1250 cm−1 using the 514 nm excitation line at 
room temperature by a Renishaw inVia micro-Raman system (Renishaw Inc., New Mills, 
UK). The spectrum of the TI-PVA composite, which shows the Raman peaks of both TI 
Bi2Se3 and PVA, can be seen as a superposition of PVA (black curve) and TI (red curve). 

#205686 - $15.00 USD Received 28 Jan 2014; revised 9 Mar 2014; accepted 9 Mar 2014; published 17 Mar 2014
(C) 2014 OSA 24 March 2014 | Vol. 22,  No. 6 | DOI:10.1364/OE.22.006868 | OPTICS EXPRESS  6870



Three typical Raman peaks of Bi2Se3 (Inset: Zoom-in view of the Raman peaks of Bi2Se3) 
centered at ~70 cm−1,~130 cm−1 and ~173 cm−1, were found in the Raman spectra of TI-PVA, 
which are correlated with the out-plane vibrational mode 1

1gA , in-plane vibrational mode 2
gE  

and the out-plane vibrational mode 2
1gA of Se-Bi-Se-Bi-Se lattice vibration, respectively 

[26,27]. Therefore, one can conclude that Bi2Se3 nanosheets could still keep their structures 
even though they are embedded into PVA matrix, also indicating that the optical property of 
TI does not encounter significant change. 

 

Fig. 2. (a) Raman spectra of TI-PVA, inset: zoom-in view of the Raman peaks of Bi2Se3; (b) 
Measured nonlinear saturable absorption curve and corresponding fitting curve. 

For further investigating nonlinear optical characteristics of the fabricated PVA-TISA, the 
nonlinear absorption of TISA was measured by the power-dependent transmission technique. 
The experimental setup is the same as that in Ref [23]. In the setup of saturable absorption 
measurement, it should be noted that the pulse duration of the pump source broadens slightly 
from 502 fs to 513 fs after amplification. Figure 2(b) provides the saturable absorption data of 
PVA-TISA and the corresponding fitting curve as a function of peak intensity. As can be seen 
here, the modulation depth is ~3.9% and the non-saturable loss is ~67.5%. Note that the non-
saturable loss is a bit large in this experiment. However, it was expected that the non-saturable 
loss could be improved by further optimizing the quality of the PVA-TISA film such as the 
thickness of film and the uniformity of TI within the composites. It should be also noted that 
the saturable intensity of the fabricated PVA-TISA is about two orders of magnitude less than 
the reported one (0.49 GW/cm2) by depositing the TI onto a onto a thick quartz plate [19] and 
also smaller than the one (53 MW/cm2) deposited onto fiber end facet [21]. With such a low 
saturable intensity, it would be predicted that the threshold of mode-locking using the as-
prepared PVA-TISA can be significantly reduced. 

3. Laser performance 

To check the laser performance by using the prepared PVA-TISA, the PVA-TISA was 
inserted into a fiber ring laser cavity. Figure 3 shows the schematic of the proposed fiber 
laser. A 4 m EDF was used as the gain medium fiber. The group velocity dispersion (GVD) 
parameter of the EDF, which was calculated through the Kelly sidebands, was ~-15 
ps/nm/km. The 976 nm pump light was coupled into the gain fiber by a wavelength division 
multiplexer (WDM). The polarization state of circulating light in the laser cavity could be 
controlled by adjusting a pair of polarization controllers (PCs). A polarization insensitive 
isolator (PI-ISO) was used to force the unidirectional operation of the laser cavity and a 10/90 
coupler was used to output the laser emission. An optical spectrum analyzer (Anritsu 
MS9710C) and an oscilloscope (LeCroy Wave Runner 104MXi, 1 GHz) with a photodetector 
(New Focus P818-BB-35F, 12.5GHz) were used to study the laser spectrum and output pulse 
train, respectively. In addition, the pulse duration was measured with a commercial 
autocorrelator (FR-103XL). 
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Fig. 3. Schematic of mode-locked fiber laser with a PVA-TISA. 

Continuous wave operation started at a pump power of about 10 mW and the self-started 
mode-locking occurred at about 25 mW. For better performance of the fiber laser, the pump 
power was further increased to 90 mW. Figure 4(a) shows the typical spectrum of the mode-
locked pulses at 90 mW. Here, the central wavelength and the 3 dB spectral bandwidth are 
1557.5 nm and 4.3 nm, respectively. The evident Kelly sidebands on the spectrum indicate 
that the mode locked laser is operating in the soliton regime. Here, a cw peak centered at 
1554.4 nm was shown on the mode-locked spectrum. It should be noted that the passive 
mode-locking state of the fiber laser could be also observed when the positions of the TISA 
placed onto fiber ferrule was moved. The corresponding pulse-train is presented in Fig. 4(b). 
The repetition rate is 12.5 MHz, which was determined by the 16.4 m cavity length. In this 
case, the average output power is 1.8 mW. Therefore, the pulse energy is 0.144 nJ. Then a 
commercial autocorrelator was employed to measure the pulse width. The measured result in 
Fig. 4(c) indicates that the fiber laser delivers a pulse-train with duration of 660 fs if the Sech2 
intensity profile was assumed. Thus, the time-bandwidth product is about 0.351, which was 
slightly higher than 0.315, indicating that the mode-locked pulses are slightly chirped. 
Moreover, as can be seen in Fig. 4(c), there is small pedestal shown on the autocorrelation 
trace. It could be attributed to the imperfect alignments of the autocorrelator. 

 

Fig. 4. Mode-locked operation. (a) Mode locked spectrum; (b) Corresponding pulse-train; (c) 
Corresponding autocorrelation trace; Inset: autocorrelation trace with full range scan. 

To verify whether the mode locking operation was stable, the RF spectrum (Advantest 
R3131A) of the mode-locked pulse was measured, as presented in Fig. 5(a). The fundamental 
peak locates at the fundamental repetition rate of 12.5 MHz with a signal-to-noise ratio of 
over 55 dB, indicating that the stable pulse operation was obtained in this case. The RF 
spectrum up to 2 GHz was shown in Fig. 5(b). The wideband RF spectrum is free of spectral 
modulation, suggesting that the fiber laser operates well in the cw mode-locking state. To 
further investigate the stability, we recorded the optical spectra of the mode-locked laser 
every 2-hour, as shown in Fig. 5(c). It should be noted that the central spectral peak locations, 
spectral bandwidth, spectral strength remained reasonably stable over the time period. 
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Fig. 5. Stability of femtosecond pulses. (a) RF spectrum; (b) RF spectrum in 2 GHz span; (c) 
Long term optical spectra measured at a 2-h interval. 

In the experiment, ~660 fs pulse could be obtained by employing the prepared PVA-TISA. 
It should be noted that, apart from the quality of the SA, the pulse duration could be also 
affected by the cavity dispersion. To investigate the influence of cavity dispersion on the 
pulse duration, a segment of 9.9 m long SMF was inserted into the laser cavity to increase the 
cavity dispersion to ~-0.4 ps2. The fiber laser was still mode locked with the same piece of 
PVA-TISA. In this case, only the picosecond pulse could be achieved despite of the variation 
of PC settings and pump power level. The results are shown in Fig. 6. Here, the 3 dB 
bandwidth of mode-locked spectrum is 2 nm, as shown in Fig. 6(a). The pulse train is 
presented in Fig. 6(b), whose repetition rate is 7.78 MHz. The measured autocorrelation trace 
in Fig. 6(c) shows that the pulse duration is 1.45 ps. The comparative experiments 
demonstrated that the femtosecond pulse generation from our fiber laser could be attributed to 
the combination effect of PVA-TISA and cavity dispersion. 

 

Fig. 6. Mode-locked operation when the cavity dispersion is increased to be ~-0.4 ps2. (a) 
Mode-locked spectrum; (b) Corresponding pulse-train; (c) Autocorrelation trace. 

4. Conclusion 

In summary, we have demonstrated a femtosecond pulse fiber laser mode-locked by a filmy 
TISA. The filmy TISA, which is composited by the PVA, shows a modulation depth of ~3.9% 
and a low saturable optical intensity of 12 MW/cm2. With the prepared PVA-TISA, the fiber 
laser delivers stable pulse-train with ~660 fs duration at the fundamental repetition rate of 
12.5 MHz. Based on the experimental observations, it was expected that the PVA could be an 
excellent host material for fabricating high-performance TISA. The obtained results suggest 
that the PVA-TISA could be employed as a simple, low-cost ultrafast saturable absorption 
device for the applications such as mode-locked fiber lasers. 
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