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Stable Single-Longitudinal-Mode Fiber Ring Laser
Using Topological Insulator-Based

Saturable Absorber
Shuqing Chen, Qingkai Wang, Chujun Zhao, Ying Li, Han Zhang, and Shuangchun Wen

Abstract—A single-longitudinal-mode (SLM) fiber ring laser
based on topological insulator (TI) Bi2 Te3 saturable absorber
(SA) had been experimentally demonstrated. The TI: Bi2 Te3
nanosheets, which were fabricated through the bottom-up ap-
proach, were coated onto the microfiber as an efficient saturable
absorber device to ensure the SLM operation. Combined with fiber
Bragg grating, the output wavelength can be continuously tuned
about 1 nm. Without any accurate cavity control, stable SLM op-
eration without mode hopping had been conveniently achieved.
Based on the Lorentzian fitting, the line-width was measured to be
less than 10 kHz. The output power of SLM fiber laser can reach
up to 23 mW, indicating that the proposed TI-based SA may be
suitable for high-optical power SLM operation in the future.

Index Terms—Fiber laser, microfiber, single longitudinal mode,
topological insulator.

I. INTRODUCTION

S INGLE-longitudinal-mode (SLM) fiber lasers are of great
interests due to their versatile applications in coherent com-

munication, sensors, and microwave photonics [1]–[4]. In par-
ticular, erbium-doped fiber (EDF) lasers are very important
because of the following merits: high output power, narrow line-
width, and potentially all-fiber format [5]–[10]. Convention-
ally, most of them employed highly complex techniques, such
as multiple ring cavity structures [11], tunable ring resonators
[12], and external light injection [13]–[17]. Simple configura-
tions have also been demonstrated by using un-pumped EDFs
as saturable absorber [18]–[22]. However, due to high insertion
losses, more extra pump power is needed. And the direct method
to improve the output power is to increase the pump power, but
the excessive input power limits further improvement of output
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power due to the extra burden which general apparatus suffered,
especially for saturable absorber based SLM operation [23].
Commonly, the general SLM fiber lasers have a lower scalable
output power less than 10 mW, especially for material-based
saturable absorber SLM fiber laser [24], [25]. So searching for a
method with simple and high optical power tolerance structure
to generate SLM operation is extremely significant.

Recently, graphene has been attaining rising attentions in both
photonics and optoelectronics applications due to its unique
electronic band structure and optical properties [26]–[28]. Nu-
merous contributions have reported that graphene can show
plenty of optical applications, such as broadband saturable ab-
sorber for mode-locked fiber laser [29], [30], stable four wave
mixing (FWM) effect induced multi-wavelength laser [31], and
SLM lasers [24], [25]. However, graphene has relatively low
damage threshold and low saturable intensity [32]. Especially,
saturable absorber with sandwiched structures is easier to suf-
fer high power density, which may lead to saturable absorber
is more vulnerable to damage. And the SLM operation by us-
ing such graphene-SA is not easy to achieve moderate optical
power (e.g., 10 mW) [24], [25]. Very recently, topological in-
sulator, a kind of Dirac materials characterized by metallic sur-
face state in association with bulk insulating state [33], [34],
was found to show saturable absorption at telecommunication
wavelength [35], 800 nm [36], 1064 nm [37], and 1645 nm [38],
respectively. Zhang et al. also found that TI shows giant non-
linear refractive index of 10−14 m2/W [36]. Unlike graphene,
saturable absorption in TI originates from the Pauli-blocking
principle of the electrons filled either in the metallic surface
state or in the bulk insulating state [35]. This means that TI pos-
sesses two different types of saturable absorption mechanisms,
each of which can contribute the light-matter interaction. Those
results caught our attention on whether the TI can be developed
as SA in SLM operation? The microfiber based SA, such as
TI/graphene covered tapered fiber [39], has widely applied in the
pulse laser generation due to its advantage of high optical power
handling [40].

In this contribution, a novel, simple and short cavity design
of SLM EDF laser by using a TI-based saturable absorber was
experimentally demonstrated. In the cavity, a tapered fiber based
TI fabricated by the optical deposition method was embedded
as SA. And a FBG was used to select specific signal wavelength
in order to stabilize the single wavelength operation. By which,
the interferogram were formed by the input and feedback light.
Depending on the saturable absorption effect, the weaker mode
can be effectively suppressed, and the stronger mode is very
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Fig. 1. (a) Scanning electron microscopy (SEM), and (b) Raman spectra (c) the XRD pattern of Bi2 Te3 nanosheets.

Fig. 2. (a) The image of the tapered fiber, and optical microscopy images of
a tapered fiber without (b), with (c) TI deposition obtained by Infrared Viewer,
and (d) the measured saturable absorption data and its corresponding fitting
curve.

few are absorbed by the saturable absorber. This effectively en-
sured the realization of SLM operation. Because of the light
interaction with TI was implemented by evanescent wave, the
proposed SAs were more suitable for high optical power oper-
ation. As the optical source with power of ∼1 W was injected,
SLM operation with output power as high as 23 mW had been
obtained. By mechanical stressing FBG, output wavelength can
be tuned from 1542.3 nm to 1543.2 nm. With the employment
of 1 Gb/s OOK (On Off Keying) signal, RF beating signal at
1 GHz had been generated by using optical heterodyne tech-
nique. Upon fitting the electrical spectrum of the beating signal
by Lorentzian function, the SLM line-width was measured to
be less than 10 kHz.

II. DESIGN AND FABRICATION OF MICROFIBER-BASED

TI SATURABLE ABSORBER

The operation principle of the TI: Bi2Te3 deposited tapered
fiber is based on the interaction of TI: Bi2Te3 nanosheets
with evanescent field of the propagating light in the fiber. The
TI: Bi2Te3 nanosheets were synthesized by diethylene gly-
col (DEG) mediated polyol method. In typical synthesis, a
stoichiometric ratio of bismuth nitrate (Bi(NO3)), and potas-
sium telluride (K2TeO3) were dissolved in DEG with vigorous

stirring followed by refluxing the mixture solution at 240 °C for
4–5 h. Then, the mixture was cooled down to room tempera-
ture. The gray powders were collected by filtering, washed with
distilled water and ethanol, and finally dried at 60 °C in vacuum
overnight. The as-grown and washed powders were dispersed
in an ethanol solution.

Fig. 1 shows the representative scanning electron microscopy
(SEM) image and Raman spectra of Bi2Te3 nanosheets. As in
Fig. 1(a), the field-emission scanning electron microscopy (FE-
SEM) shows that a large number of randomly dispersed sheet-
like structures had been successfully fabricated. The prepared
nanosheets are predominantly hexagonal-based sheets with uni-
form size and well-defined shape. The edge length is in the range
of 400–500 nm. And the Bi2Te3 nanosheets were characterized
by Raman spectrum. Raman spectroscopy, which is a sensitive
probe to the local atomic arrangements and vibrations of the ma-
terials, has been widely used to investigate the microstructure of
the nano-sized materials. As shown in Fig. 1(b), three Brillion
zone centers Raman active modes at A1

1g , E2
g and A2

1g are ob-
served, which are located at 65.5, 88.7 and 134.2 cm−1, re-
spectively. Besides, an additional peak with obvious intensity at
∼114 cm−1 is identified as A1u mode composed of longitudinal
optical phonons at the Brillion zone boundary. The strongest
A1u peak is due to the crystal symmetry breaking of nano-
platelets with thin thickness. And the XRD (X-ray diffraction)
pattern of the freshly prepared products is shown in Fig. 1(c).
All the diffraction peaks can be indexed to rhombohedral Bi2Te3
(space group: R3m) with lattice constants a = b = 0.438 nm,
c = 3.048 nm (JCPDS No. 15-0863). This result indicates that
Bi2Te3 products obtained via our synthetic method consist of a
pure phase.

As shown in Fig. 2, a piece of tapered fiber with stretching
length of 24 mm and diameter of about 13 μm was under our in-
vestigation. The insertion loss of this tapered fiber is lower than
0.5 dB. And the tapered fiber was encapsulated in a half round
glass tube, as shown in Fig. 2(a). In the following, light with
wavelength at 975 nm was launched into the sample, and TI:
Bi2Te3 solution was introduced into glass tube for optical depo-
sition. The power of the injected light was about 100 mW. After
50 min, TI: Bi2Te3 nanosheets were deposited on the tapered
fiber. In the following, we directed light into the tapered fiber
with ∼100 mW/975 nm to observe the change of the tapered
fiber before and after the deposition of TI: Bi2Te3 nanosheets
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Fig. 3. Experimental setup of TI-based longitudinal mode laser, FBG: fiber
Bragg grating, PC: polarization controller, OC: optical circulator, WDM:
wavelength-division multiplexer, PD: photoelectric detector, TI-taper fiber: TI-
deposited taper fiber.

by infrared viewer, as shown in Fig. 2(b) and (c). Without the
deposition, scattering occurred at the both ends of the glass tube
induced by encapsulation. After the deposition, obviously, light
was heavily scattered at the central part of the tapered fiber,
which was caused by the leakage of the evanescent field due to
the existence of high refractive index materials like TI: Bi2Te3
nanosheets. This phenomenon is clearly shown in Fig. 2(c),
which indicates the good deposition of TI: Bi2Te3 nanosheets.
And the balanced twin-detector measurement was employed
to characterize the nonlinear optical response of the TI-SA.
The transmittance as a function of the incident laser power at
1542 nm (pico-second fiber laser, repetition rate: 6.025 MHz,
pulse width: 1.8 ps) was shown in Fig. 2(d). By fitting the curve,
the optical modulation depth is inferred to be about 18%.

III. EXPERIMENT AND RESULTS

Fig. 3 shows the experimental setup of the proposed SLM
fiber ring laser. The total cavity length is about 12 m, and a
piece of 1 m highly-doped erbium-doped fiber (EDF, LIEKKI
Er 80-8/125) with group velocity dispersion of –20 ps2/km was
used as the gain medium. The EDF was pumped by a laser
diode source of wavelength 1480 nm, a 1480/1550 wavelength-
division multiplexer (WDM) was used to couple the pump light
into the cavity, and the EDF was then connected to the port 1
of an optical circulator (OC). In between the port 2 of OC and
the FBG, a tapered fiber coated with TI: Bi2Te3 was introduced
to operate as the saturable absorber to generate the SLM opera-
tion. And FBG serves as a coarse wavelength selector with the
reflection peak at 1542.3 nm. Port 3 of the OC was connected
to a 70:30 fiber coupler with the 70% port connecting back to
the 1550 nm port of the WDM, and the 30% port was employed
for the output of the signal. And a polarization controller (PC)
was employed to control the polarization state of the light.

Fig. 4(a) shows the output optical spectrum of SLM opera-
tion. The wavelength of the output is about 1542.3 nm and the

side-mode suppression ratio of this laser line is larger than 40 dB.
By carefully adjusting the PC under a pump power of 1W,
we had obtained the stable single longitudinal mode operation.
The output power could be continuously increased up to about
23 mW. The repeated scans of the lasing lines at 10-min in-
terval over 3 h at room temperature are shown in Fig. 4(b). As
shown in Fig. 5, the wavelength variation is kept nearly constant
while the maximum output power fluctuation is lower than 1 dB,
indicating the good stability of the SLM system.

By applying mechanical stress upon the FBG, the wavelength
tuning range of the ring fiber laser spanning from 1542.3 to
1543.2 nm had been obtained. The tuning range is limited due
to the design of the FBG, and it can be further enhanced by
properly designing the FBG [18]. Fig. 6 shows the output spectra
versus wavelength tuning while the other conditions were kept
constant. We could clearly note that the optical spectra showed
good stability within the entire tuning range.

Fig. 7 shows the variation of the peak amplitude power against
the tuned SLM wavelength. The obtained distribution of SNR is
between 46.9 and 47.5 dB. And there is an insignificant output
power variation over the entire range of wavelengths, and the
peak power fluctuation is kept lower than 1 dB.

The SLM operation could be further verified through moni-
toring the beating signals of the longitudinal modes at a 5 GHz
photo-detector cascaded with a 7 GHz electrical spectral ana-
lyzer. Without incorporating the saturable absorber, the electri-
cal frequency spectrum of the beating signal from 0 to 1 GHz is
shown in Fig. 8(a). It was found that a number of beating signals
of the laser longitudinal modes had been observed which can be
ascribed to the laser longitudinal mode beating, and the mode-
spacing is about 17.4 MHz. The appearance of multiple beating
signals indicate that the fiber laser operates in multiple longitu-
dinal oscillations. However, once the saturable absorber device
is introduced into the laser cavity, multiple beating signals could
suddenly disappear from the electrical spectrum of beating sig-
nal shown in Fig. 8(b). As seen from the figure, no beating
signal frequencies to the round-trip frequency of the fiber ring
laser and its multiples were monitored, indicating that the laser
now operated in SLM. The repeated scans of the electrical spec-
trum of beating signal at 10-min interval over an hour at room
temperature were also recorded. As shown in Fig. 9(a), there
is no apparent mode-hopping effects were discovered, which
also means that the laser operates in the SLM regime all the
time. And when we tuning the FBG, the corresponding electri-
cal spectrum were also recorded. As shown in Fig. 9(b), with
the wavelength tuned from 1542.37 to 1543.16 nm, the SLM
operation is kept all the range. Which all verified that the laser
can well worked in the SLM operation.

We have exploited the optical heterodyne technique to ver-
ify the SLM operation of the proposed EDF laser, and measured
the spectral line width. The delayed self-heterodyne method was
employed with a 10 km fiber delay line and an intensity modu-
lator. The modulator was driven by the 1 Gb/s OOK signal, and
the corresponding heterodyne radio frequency (RF) spectrum is
demonstrated in Fig. 10. As shown in Fig. 10(a), the RF beating
signal at 1 GHz was generated, and with span of 1 GHz, there
is not any other longitudinal mode beating observed, further
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Fig. 4. (a) The output spectrum of single longitudinal mode operation, and (b) the corresponding spectra taken at a 10-min interval over 3 h.

Fig. 5. Wavelength variation and output power fluctuation with scanning over
3 h.

Fig. 6. Output spectra versus wavelength in the tuning range of
1542.3–1543.2 nm.

indicating that the laser operates in the SLM regime. With a
frequency span of 1 MHz, the zoom-in view of the beat signal
is shown in Fig. 10(b), in which we take 3 dB down from the
maximum value and observe that 3 dB bandwidth is less than
10 kHz, which can be confirmed by the Lorentzian fitting.

We also conduct another experiment, where we employed a
FBG with central wavelength at about 1570.1 nm to select the
wavelength. The repeated scans of the output optical spectrum
of the proposed laser at 10-min interval over 2 h at room tem-
perature were recorded, which shows in Fig. 11(a). As shown
in Fig. 11(b), the maximum output power fluctuation is also
lower than 1dB, indicating that the proposed laser possess good

Fig. 7. SNR versus wavelengths in the tuning range of 1542.3–1543.2 nm.

stability of the output at L-band. As we applied mechanical
stress upon the FBG, the wavelength of the ring fiber laser was
tuned from 1570.182 to 1571.012 nm. Its output spectra were
shown in Fig. 12(a) and (b). And the corresponding electrical
spectrum of the beating signal was shown in Fig. 12(c) and (d).
As shown in Fig. 12(c) and (d), there are no apparent mode-
hopping effects were discovered, which indicate that the laser
can efficiently ensure the SLM operation at 1570 nm (L-band).
This result clearly shows that our topological insulator saturable
absorber could allow for the generation of SLM operation at the
L-band.

IV. CONCLUSION

High-power SLM operation (with output power up to 23 mW)
at telecommunication band had been successfully demonstrated
in an EDF ring laser enabled by topological insulator materials.
This saturable absorber device was directly fabricated through
the optical deposition method and then integrated with the ta-
pered micro-fiber, which can guarantee the beneficial effect of
light interaction with topological insulator, and also possess the
advantages of being able to alleviate thermal loading and endur-
ing high power illumination. The fiber laser consists of a piece of
FBG in order to initiate the single wavelength emission. Based
on the optical heterodyne technique, the measured line-width is
measured to be less than 10 kHz, clearly indicating the SLM
operation. Our contributions evidence that topological insulator
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Fig. 8. Electrical spectrum of the beating signal, (a) without saturable absorber, and (b) with saturable absorber incorporated in the laser cavity.

Fig. 9. Electrical spectrum of SLM operation; (a) taken at a 10-min interval over 1 h and (b) as the FBG tuning.

Fig. 10. Delay self-heterodyne RF beating spectrum; (a) 2 GHz span with resolution of 30 kHz and (b) 1 MHz span with resolution of 500 Hz.

Fig. 11. (a) The repeated scans of the output optical spectrum of the proposed laser at 10-min interval over 2 h, (b) output power fluctuation with scanning
over 2 h.
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Fig. 12. Output spectra versus wavelength in the 1570.182 nm (a) and 1571.012 nm (b), respectively. And (c), (d) are the corresponding electrical spectrum of
the beating signal.

materials may be developed as an efficient saturable absorber
suitable for the generation of high-power and broadband SLM
and may find applications for SLM (from C-band to L-band)
related microwave photonics.
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