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ABSTRACT 

We report on a new method for fabrication of saturable absorbers for operation in ring fiber lasers as a mode-locking 

element taking advantages of the manufacturing technologies of fiber couplers and microfiber tapers coated with carbon 

nanotubes. It is demonstrated in the experiment that the transmittance of the fabricated saturable absorber increases with 

an increase of the input radiation power. Also, we have shown that the fabricated saturable absorber enables generation 

of picosecond soliton pulses in ring fiber laser configuration.  
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1. INTRODUCTION  

Currently, ultrashort pulse lasers are effectively used in various fields of everyday life. They are exploited both in 

research and services delivered to mass consumers, e.g., medicine, cosmetology, etc. Owing to a multiple consumer 

appeal, fiber lasers definitely benefit over all mode-locked lasers. Small size, relatively low cost, convenient fiber output, 

and high beam quality make them attractive for a large number of applications [1-10]. To deliver ultrashort pulses, a 

fiber laser configuration comprises either active [11], or passive mode–locking element with an incorporated saturable 

absorber [12, 13]. In recent years some hybrid options have been developed also [14-18]. Low-cost and reliable passive 

mode-locking, mainly exploited in ultrashort pulse laser sources, enables generation of the pulses with a pulse duration 

much shorter than the modulator switching time [19].  

Saturable absorbers (SA) are the key elements of passively mode-locked lasers. They conventionally could be divided in 

two types: artificial and natural SAs. Saturable absorbers based on Kerr lensing [20], nonlinear mirror [21], and 

nonlinear polarization rotation (NPR) belong to the first group [22-24]. NPR saturable absorbers are mainly used with 

fiber laser configurations. Although the lasers based on such SAs are easy-to-use, they are environmentally sensitive and 

require adjustment to initiate lasing that limits their practical application. Semiconductor mirrors (SESAM) [25-27] or 

SAs based on topological insulators [28], graphene [29], and carbon nanotubes (CNT) [30-32] belong to the group of 

natural SAs. Besides low cost and ease of use, the CNT technology is advantageous over the SESAM technology in 

ability to modulate transmittance thus simplifying laser circuits based on ring fiber cavities. As a result, CNT-based 

saturable absorbers have replaced SESAMs in a number of fiber laser applications [33-36]. 

The principle methods of CNT-based SAs fabrication are deposition of CNTs on a film, fiber end face [37, 38], 

chemically etched d-shape fiber [39] or micro-taper obtained by thermal drawing of a standard fiber [40, 41]. Each of the 

methods has specific limitations and drawbacks. In particular, the film method significantly limits the radiation power in 

the cavity [42], the d-shape technology requires special fiber structure and it's rather complicated [39]. In this work, we 

focus on the microfiber method of SA fabrication, in which CNTs are deposited on a fiber thermally drawn up to the 

diameters compared with the radiation mode area [40, 43]. The evanescent field based CNT SA, manufactured by this 

method, has an advantage over the schemes using CNTs deposited on a film or fiber end face enabling generation of 

higher pulse energy and peak power. Such absorbers are simple to manufacture and easy-to-use, but suffer specific 

drawbacks. Due to a small diameter of taper waist region (~ 10 μm), when coated with CNTs at a high concentration or 

from a liquid phase, SA experiences high losses induced by the fiber deformation. The same restrictions impede the 

uniform distribution of CNTs over the microfiber surface. In addition, fiber tapers are sensitive to environment that can 

deteriorate their performance characteristics. To overcome these problems, the use of polymer composites has been 

proposed [44]. Along with additional protection of the microfiber, a polymer with a low refractive index (e.g., 2,2,2-
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trifluoroethyl methacrylate (PTFEMA), n = 1.42) provides the effective distribution of nanomaterial on its surface and 

prevents formation of agglomerations, thereby reducing SA losses from estimated 50% down to 15% [45, 46].  

In this work, we push forward development of the microfiber method for fabricating CNTs-based SAs. For this purpose, 

the fiber couplers commonly used in fiber circuits are employed. The fabrication process includes simultaneous thermal 

drawing of two parallel fibers down to the diameters close to the mode field size followed by fusion [47]. The fibers 

fused into a coupler are elongated enough to enable interaction of radiation with the CNT film on their surface and 

saturable absorption. Since fiber coupler is a mechanically stronger structure than a standard microfiber, it is able to 

provide a simplified technology of CNT-film deposition in a polymer composition while maintaining a high saturation 

absorption coefficient. In particular, simplification of the technology within this approach allows using less precise (e.g., 

aerosol) methods of nanomaterial coating, which, in its turn, enables deposition of larger CNT-volumes and optimization 

of SA properties. 

2. MANUFACTURING OF A CNT-COATED COUPLER 

Single-walled CNTs (SWCNT) used for coupler coating have been synthesized by the electric arc technology at the 

Institute of Problems of Chemical Physics, the Russian Academy of Sciences (Chernogolovka, Russia). An average 

diameter of SWCNTs is 1.5 nm. Inset in Fig. 1 (a) shows the absorption spectrum of the used CNTs in the wavelength 

range 550-2400 nm. SWCNTs have been subjected to multistage liquid-phase treatment in order to obtain stable and 

homogeneous suspensions in a solution of 2,2,2-trifluoroethyl methacrylate (Sigma-Aldrich No. 373761) in N-

methylpyrrolidone subsequently used as a matrix for SA structure [48, 49]. Fig. 1 (a) shows the Raman spectra of the 

CNT structure before and after liquid-phase treatment. The spectra are obtained using LabRAM HR Evolution 

spectrometer at an exciting radiation wavelength of 0  514 nm. The Raman spectrum analysis shows that CNTs 

demonstrate predominantly semiconductor conductivity [50]. Comparison of the intensities of spectrum lines D and G 

( G DI I ) gives estimations to the value aL  describing the length of defect-free regions in the CNT structure [51, 52]: 

      10 4
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The estimation shows that after a multi-stage liquid-phase treatment, the size of defect-free regions is reduced, on 

average from 504 nm down to 62 nm. 

 

  
Fig. 1. (a) Raman spectra of the CNT structure before and after liquid-phase treatment. Inset: The CNTs absorption spectrum. 

(b) Schematic of CNT deposition on the fiber coupler surface and a photo of the fused fiber coupler covered by CNTs in a 

quartz cell.  

 

The 60/40 fiber coupler from the standard SMF fibers without cladding has been fabricated using the standard thermal 

fusion technology with a hydrogen torch for fiber couplers and WDM. The  taper waist length, where the fiber cladding 

diameter decreases  from 125 µm down to values close to the mode field diameter (9-10 µm), is 18l  mm. The intrinsic 

loss of the manufactured coupler is 0 0.5L   dB. Before coating with CNTs, the coupler is placed in a quartz cell and 
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glued to keep its waist fixed in a suspended position. CNTs are deposited from the aerosol of the prepared suspension in 

a nitrogen atmosphere with infrared heating of the coupler surface up to 50 ° C. After a 10 min deposition, the CNTs 

cover almost the entire length of the coupler. (Fig. 1 (b)) and the coupling ratio has changed to 49/51 due to penetration 

of the CNT-polymer suspension into the coupler structure.  

 

                  

Fig. 2. (а) SEM image of CNTs located between optical fibers. (b) Image of the coupler irradiated at 514 nm to get the 

distribution of SWCNT G-band intensity. Red and green squares correspond to the maximum and minimum G+ peak intensity 

(1590 cm-1), respectively. 

 

The image of the coupler waist region after CNT deposition taken by JEOL JSM-6010PLUS SEM is shown in Fig.2 (a). 

Also, the coupler sample has been studied by the Raman spectroscopy methods. In Fig. 2 (b), the distribution of CNT G-

band intensity (1570-1595 cm -1) is shown in the coupler waist. The distribution is recorded under laser irradiation of the 

sample at the wavelength of 514 nm and power of 1 mW. The acquisition step and durations are 1 µm and 0.1 s, 

respectively. The blue color intensity is proportional to the G-band intensity that, in its turn, is proportional to a number 

of CNTs. The points corresponding to the minimal and maximal CNT G-band intensities are marked in Fig. 2 (b). One 

can see that CNT bundles are concentrated mainly in the trench between two tapered fibers forming the fused coupler. 

 

3. MEASUREMENT OF THE SATURABLE ABSORPTION 

The key characteristic of a SA is the dependence of losses it introduces on the intensity (or power) of the input radiation. 

If the losses decrease with the input power, SA can be used for mode-locking and pulse generation through positive 

optical feedback in the laser cavity it provides [23].  

A standard configuration shown in Fig. 3 (a) has been employed to evaluate characteristics of the fabricated CNT-

coupler used as a saturable absorber [51, 52]. A soliton laser operating at the wavelength of 1.55   μm delivers pulses 

with the duration of ~ 1.4 ps and repetition rate of 3.84 MHz. A variable attenuator is used to control the power at the 

input of the manufactured CNT-coupler. Recording the power levels at all outputs of the experimental setup allows us to 

determine the transmittance of the CNT-coupler. The experimental results shown in Fig. 3 (b) describe the CNT - 

coupler transmittance as a function of the average power at the coupler input.  
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Fig. 3. (a) Schematic of the experimental setup for measuring saturable absorption in a CNT - coupler. (b) Experimentally 

measured coupler transmittance as a function of the radiation power at the input. Solid blue line is an approximation of the 

obtained data by dependence (2) for the parameters: 
0 18%, 500 Вт, 19%S NSP    . 

 

A change in the average power corresponds to a change in the peak power 0P  of the input soliton pulse (a simple 

estimation shows that 1 mW of the average power corresponds to 0 93P  W). Therefore the same experimental results 

show the transmittance of the CNT - coupler as a function of the peak power at the coupler input. One can see a reliable 

increase of the coupler transmittance with an increase in the pulse peak power that is the key property of SA important 

for mode-locking. The experimentally measured depth of SA modulation is ~ 4.5%. However, the experimental data 

have been limited by the output power of the soliton source corresponding to its transition to the multipulse generation 

mode. Some theoretical estimations can be made using SA model with instantaneous relaxation time. In this model, the 

absorption coefficient   of SA, depending on the radiation power P , is expressed in terms of the modulation depth 0 , 

saturation power SP , and the value of unsaturated losses NS : 

     0

1
NS

sP P
 





 . 

For the soliton pulses with the sech2 envelope and peak power 0P , the SA transmittance T  with instantaneous relaxation 

can be expressed through the parameter 0 Ss P P  [35] as: 
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These estimations give the modulation depth of the fabricated SA 0 10%   at high enough saturation power 

350SP  W. Fig. 3 (b) shows an approximation for relation (2) at 
0

18%, 500 Вт, 19%
S NS

P    . 

 

4. STUDY OF CNT-COUPLER IN A RING FIBER LASER SCHEME 

To study the mode-locking provided by the fabricated CNT - coupler, the coupler has been incorporated into a standard 

Er-doped fiber ring laser. The ring laser configuration (Fig. 4) contains no polarization-sensitive elements, so mode-

locking through the nonlinear polarization rotation is prohibited in this scheme. 
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Fig. 4. Experimental set-up of a fiber laser with CNT- coupler. LD is the pump diode, WDM is the wavelength-division 

multiplexer, EDF is the Er-doped fiber, ISO is the fiber isolator. 

 

The laser cavity contains 0.5 m of Er-doped EDF-150 fiber with a normal dispersion of 19 ps2/km at 1550 nm. All other 

elements are connected by an SMF-28 fiber with a dispersion of –20 ps2/km at 1550 nm. The total cavity length of 10.5 

m corresponds to a fundamental repetition rate of 19.07 MHz, while the total cavity dispersion is ~ –0.196 ps2. The 

configuration is pumped  by a laser diode with a wavelength of 975 nm and a maximal power of 550 mW. The output 

radiation is emitted through a CNT- coupler. The laser self-starts to operate in a pulsed mode at a pump power of 50 

mW, while the output power is 1.7 mW. The single-pulse lasing operation is maintained with the pump power levels up 

to 165 mW, whereas the output power increases to 3.3 mW. The optical spectrum and pulse autocorrelation describing 

this mode are shown in Fig. 5. 

 

 

Fig. 5. (a) Optical spectrum and (b) autocorrelation of a laser pulse generated in mode-locked ring fiber laser with a CNT- 

coupler. The solid red line describes the sech2 envelope. 

 

Despite an incomplete suppression of sidebands leading to a noticeable spectrum asymmetry, the pulse envelope shape is 

close to sech2, while the product of the pulse duration ( ~ 7.2 ps) and pulse spectrum width (~ 0.4 nm) is TBW ~ 0.355, 

justifying that a pulse is close to a spectrally limited soliton. Fig. 6 shows the radiofrequency spectrum of the laser 

recorded with a resolution of 100 kHz. One can see that a stable spectrum comprising harmonics of the fundamental ring 

cavity mode exhibits no parasitic modulation and filtering. The signal-to-noise ratio for the fundamental (first-order) 

harmonic gets the level of >60 dB and then slowly decreases with the harmonic number thus highlighting a high quality 

of the laser signal. 
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Fig.6. Radiofrequency spectrum of mode-locked ring fiber laser with a CNT- coupler. 

 

5. CONCLUSIONS 

In this study, we propose a new fabrication method of SA for mode-locking of the ring fiber lasers taking advantages of 

the manufacturing technologies of fiber couplers and tapers coated with carbon nanotubes. The proposed method 

develops the technology of microfiber tapers coated with CNTs, but simplifying it, in particular, allowing usage of less 

complicated methods of nanomaterial deposition. The simplicity of the proposed CNT- coupler technology is in the use 

of widely available materials and standard laboratory equipment. 

A standard experiment on measurement of the transmittance has confirmed that the fabricated sample of a CNT- coupler 

demonstrates the main property of SA, i.e. its transmittance increases with an increase in the peak power of the input 

pulse. The performed estimations show that this sample has a sufficiently high modulation depth (> 5%), however, its 

saturation power is also quite high ( 350SP  W). Noteworthy, the use in the experiment of a pulsed source with the peak 

power of soliton pulses 0 150P  W has not resulted in a change or degradation of the CNT- coupler characteristics. 

The experiment has confirmed applicability of the CNT- coupler for mode-locking in a soliton ring fiber laser. In the 

reported laser configuration, the nonlinear polarization rotation effect on mode-locking is eliminated. The performance 

of the laser is not perfect, however, we have shown that the fabricated sample possesses the SA characteristics suitable 

for generation of picosecond soliton pulses. Specifically, the proposed technology is able to maintain generation of 

picosecond pulses in configurations with a relatively low Q-factor of the cavity (the output ratio of the used CNT- 

coupler is close to 50/50). In the future, the SA parameters will be further improved through the use of a CNT-coupler 

with lower output coefficients (10 or 5%) to increase the laser cavity Q-factor and generate pulses of much shorter 

duration. Also, we will upgrade the proposed technology using the improved SA characteristics (reduction of the 

saturation power and unsaturated losses), high quality CNTs fabrication and composition parameters (quantity, 

geometry) of nanomaterials. Promising methods of CNT deposition such as magnetron-sputtering-deposition method,  

photonic crystal fiber assisted deposition and so on [53-58] could be considered as more accurate and controllable 

fabrication process of CNT coated fiber couplers. We suppose that the optimizing device could be applied not only in the 

telecommunication range but also in other important spectral regions (for example, in 2 m range). 

This work was supported by the Ministry of Higher Education and Science of the Russian Federation (Megagrant 

Program, project # 2020-220-08-1369). The manufacturing of CNT-coupler and measurement of saturable absorption 
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