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We report on a mid-infrared fiber laser which uses a single-walled carbon nanotube saturable absorber mirror to realize the mode-locking 

operation. The laser generates 3.5 μm ultra-short pulses from an erbium-doped fluoride fiber by utilizing dual-wavelength pumping scheme. 

Stable mode-locking is achieved at the 3.5 μm band with a repetition rate of 25.2 MHz. The maximum average power acquired from the laser 

in the mode-locking regime is 25 mW. The experimental results indicate that carbon nanotube is an effective saturable absorber for mode-

locking in the mid-infrared spectral region. 
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1. Introduction 

 

In recent years, there is a trend of developing high-

performance mid-infrared lasers inspired by their potential 

applications in spectroscopy, material processing, sensing, 

defense, and medical surgery [1-3]. Thanks to the progress 

in the fabrication technique of fluoride fibers (e.g., ZBLAN 

fibers), rare-earth doped fiber lasers are the most 

promising mid-infrared sources [4,5]. Various advantages, 

such as compactness, cost-effectiveness, and high beam 

quality bestow fiber lasers superiority over solid-state 

lasers and nonlinear frequency conversion systems that 

are used for mid-infrared generation previously. 

Among mid-infrared sources, the 3.5 μm laser is 

particularly attractive in spectroscopy and environmental 

sensing [6], given that the 3.5 μm band covers the 

absorption peaks of many greenhouse gasses and various 

volatile organic compounds. An efficient method for 

generating the 3.5 μm radiation in rare-earth doped fibers 

is to exploit the 4F9/2→4I9/2 transition of erbium ions (Er3+). 

Compared with the 2.8 μm lasers which rely on the 
4I11/2→4I13/2 transition [7-9], the research efforts on the 3.5 

μm Er-doped fiber lasers are very limited, due to the lack 

of appropriate pump sources. Only recently the 

development of the dual-wavelength pumping (DWP) 

scheme drives more attention towards the 3.5 μm Er-doped 

fiber lasers [10,11]. 

Most applications of the 3.5 μm lasers require the 

systems to work in pulsed operation modes with high pulse 

energies and high peak powers [12]. Thus far, a number of 

3.5 μm pulsed fiber lasers based upon various mechanisms 

have been demonstrated. Bawden et al. reported an 

actively Q-switched Er-doped ZBLAN fiber laser operating 

at the 3.5 μm band using an acousto-optic modulator (AOM) 

[13]. Jobin et al. and Luo et al. respectively realized the 3.5 

μm gain-switched fiber laser [14,15]. Henderson-Sapir et al. 

demonstrated a gain-switched 3.5 μm fiber laser using an 

acousto-optic tunable filter (AOTF) [16]. 

Compared with the active pulse-generation mechanisms 

mentioned above, the reports on the 3.5 μm fiber lasers 

employing passive pulse-generation mechanism are rare. 

To establish a pulsed operation passively, efficient 

saturable absorbers (SAs) such as topological materials are 

desired [17-19]. In recent years, various novel SA materials 

have been discovered and intensely investigated, and some 

of them are found to be of excellent performance [20-24]. 

Unfortunately, the reports on the SAs that can work in the 

mid-infrared region are rare. At present, only black 

phosphorus (BP) has been applied successfully to achieve 

mode-locking and Q-switching in the 3.5 μm region [25,26]. 

Semiconductor saturable absorber mirror (SESAM) is 

one of the most popular SAs used in mode-locking and Q-

switching, which exhibits strong tolerance to the ambient 

condition and is easy to realize self-starting. However, the 



commercially available InGaAs SESAM can only work 

efficiently in the spectral region below 3 μm [27]. Another 

commonly used SA, carbon nanotube (CNT), possesses an 

operating stability comparable to SESAM [28,29]. Previous 

works demonstrate that single-walled carbon nanotube 

(SWCNT) is of outstanding performance in realizing the 

mode-locking of near-infrared lasers [30-36], and there is a 

great interest in applying SWCNT to the mid-infrared 

region. Recently, Wei et al. demonstrated a SWCNT based 

pulsed lasers operating at 2.8 μm [37], and Chen et al. 

reported SWCNT based mode-locking in the 2.9 μm 

spectral region [36]. These works verify the capacity of 

SWCNT as an effective SA in the mid-infrared region. 

Compared with BP, SWCNT possesses edge in cost, and 

the preparation process of SWCNT is easier. 

In this paper, we experimentally demonstrate an Er-

doped ZBLAN fiber laser mode-locked with a homemade 

SWCNT saturable absorber mirror (SWCNT-SAM). Stable 

mode-locking at 3.5 μm is achieved using the laser with a 

repetition rate of 25.2 MHz. The maximum average power 

of the mode-locked pulses is 25 mW, corresponding to a 

pulse energy of 0.98 nJ. To the best of our knowledge, this 

is the first report on a CNT based mode-locked fiber laser 

that operates at 3.5 μm. We also observe a Q-switching 

operation mode in the laser. The results indicate that CNT 

can play an important role in the realization of 3.5 μm 

pulsed fiber lasers. 

 

2. Preparation and characterization of SWCNT 

 

The commercially available SWCNT powder is provided by 

Haolaitech. Co. Ltd.. The powder is prepared via chemical 

vapor deposition (CVD). We disperse 1 mg SWCNT powder 

in 1 mL deionized (DI) water. The dispersion is ultra-

sonicated at 1.2 kHz under 200 W power for two hours. 

After the ultra-sonication process, the supernatant (30 μL) 

of the mixture is transferred onto the surface of a gold-

coated mirror using a pipette. The SWCNT-SAM is formed 

after the DI water is evaporated at room temperature. It 

should be noted that the uniformity of the generated SAM, 

in particular the thickness, is limited due to the dropping-

based transfer process. However, the concentration of 

CNTs is generally even, and the SAM exhibits moderate 

performance as saturable absorber.  

Several criteria can be used to explore the characteristics 

of the homemade SWCNT-SAM. Figure 1(a) shows the as-

prepared SWCNT-SAM and the finished dispersion (see 

inset). The absorption characteristic of SWCNT is related 

to the diameter of the nanotube. To determine the diameter 

of the SWCNT fabricated in this work, a transmission 

electron microscope (TEM, TECNAI G2 F20, FEI. Co.) is 

used to acquire the images of the sample. As shown in Fig. 

1(b) and (c), most SWCNTs are of diameters varying from 

1.4 to 2 nm, and a few SWCNTs are of 2.5 nm diameter 

which matches the 3.5-μm absorption best. Hence, most 

SWCNTs fabricated by us are not optimized for the 

absorption of the 3.5 μm radiation, a fact that may be 

induced by the inappropriate parameters used in the 

preparation process. Figure 1(d) presents the Raman 

spectrum measured in the range of 200 to 3000 cm-1 with 

three characteristics (RBM: radial breathing modes, D: 

disorder mode, and G: tangential mode) [38]. The spectrum 

confirms that the SWCNT-SAM is clean and free of defects. 

 

Fig. 1. (a) Prepared SWCNT-SAM. Inset: dispersion of SWCNT. (b) 

TEM image of SWCNT in coarse resolution. (c) TEM images of 

SWCNT in fine resolution. (d) Raman spectrum of SWCNT-SAM. 

In order to determine the absorption characteristics of 

the SWCNT-SAM, linear absorption curves are plotted 

using a Fourier transform infrared spectrometry 

(VERTEX 80/80V, Bruker). The absorption curves of 

several areas on the SWCNT-SAM that are of different 

thicknesses are shown in Fig. 2(a). The corresponding 

thicknesses of the curves (from top to bottom) are 

respectively 410 nm, 660 nm, 963 nm and 1010 nm. It 

should be noted that the concentrations of CNTs in the four 

areas are generally equal. It also should be noted that in 

the experimental works, the areas with the CNT layer 

thicknesses of 410 nm and 660 nm cannot support mode-

locking operation, whereas mode-locking can be activated 

in the other two areas.  

Regarding the characterization of the nonlinear 

absorption of the SWCNT-SAM, a conventional approach 

involving a dual-arm detection scheme is used. A 3.5 μm 

optical parametric amplification (OPA) system 

(ORPHEUS-ONE-HP, Light Conversion) with a repetition 

rate of 520.8 kHz and a maximum average output power of 

1.3 W is employed as the light source. The pulse duration 

of the OPA’s output is several hundreds of femtosecends. 

The output of the OPA is first sent through a tunable 

attenuator and then split into two beams by a dichroic 

mirror (splitting ratio: 50/50). The reflected beam is directly 

received by a power meter for monitoring the fluctuation of 

the intensity. 



 

Fig. 2. Linear (a) and nonlinear (b) reflection characteristics of 

SWCNT-SAM. (c) Schematic of the setup for characterizing 

saturable absorption. 

The transmitted beam is focused onto the SWCNT-SAM 

using a CaF2 plano-convex lens, and then reflected, and 

finally received by another power meter. The saturable 

absorption curve and the schematic of the measurement 

setup are presented in Fig. 2(b) and (c). The curve (in a form 

of the reflectivity of the SWCNT-SAM) is fitted by a simple 

model:  
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from which the modulation depth ΔR is determined to be 

12.6%. The non-saturable loss Rns and the saturated 

fluence Isat are determined as 21% and 2.2 μJ/cm2, 

respectively. These values can be compared with the 

nonlinear absorption characteristics of SWCNT in the 2.8 

μm region reported by Chen et al. [36], in which the 

modulation depth and non-saturable loss are 16.5% and 

71.8%, respectively. It should be noted that although the 

recovery time of CNT is ~1 ps, the realized pulse duration 

can be much shorter than that [39]. 

 

3. Experimental setup 

 

The experimental setup of the 3.5 μm mode-locked Er-

doped ZBLAN fiber laser is presented in Fig. 3. The DWP 

scheme utilizes two pump sources with wavelengths at 976 

nm and 1973 nm, respectively. The 976 nm pump is a 

commercial laser diode (LD). The 1973 nm pump is an in-

house built thulium doped fiber laser, of which the 

wavelength is determined according to the energy gap 

between the 4I11/2 and 4F9/2 energy level of Er3+ in ZBLAN 

host (~5070 cm-1). The beams of the 976 nm pump and the 

1973 nm pump are collimated by two lenses: L1 (LA1540, 

Thorlabs) and L2 (LA1540, Thorlabs), and then combined 

with a dichroic mirror (DM1, DMSP1550, Thorlabs). The 

combined pump radiation is coupled into a 4.2-meter-long 

double-cladding Er-doped ZBLAN fiber (Le Verre Fluoré, 

core/cladding diameter: 16.5/240, core/cladding NA: 

0.125/0.4) using the L3 lens (LA5315, Thorlabs). The 

generated signal laser and the unabsorbed pump are sent 

out from the other end of the fiber which is angularly 

cleaved to eliminate Fresnel reflection. The tips of the fiber 

are not protected using end caps, given that the humidity 

of the environment is well controlled and that the laser is 

operating under low power. Failure of fiber tips is not 

observed throughout the experimental works. We use an 

off-axis parabolic mirror (MPD00M9-M03, Thorlabs) 

instead of a lens to collimate the output, for reducing the 

absorption loss. Two parallel placed dichroic mirrors, DM4 

and DM5, which are of a high reflectivity at 3.5 μm (R > 

99%) and a high transmittance at 976 nm (T > 86%) and 

1973 nm (T > 91%) are used to separate the 3.5 μm signal 

from the unabsorbed pump. The signal is focused onto the 

SWCNT-SAM using the L4 lens. The output port of the 

laser is performed by a dichroic mirror, DM3, which is of an 

85 % reflectivity at 3.5 μm and a high transmittance at the 

wavelengths of the pump radiations. DM3 is in butt 

coupling with the ZBLAN fiber. Another dichroic mirror, 

DM2, which is of the identical spectral performance with 

DM4 and DM5, is used to guide the signal beam out of the 

cavity of the laser. Finally, a bandpass filter (FB3500-500, 

Thorlabs) is employed to further strip the residual pump 

and amplified spontaneous emission (ASE) from the 3.5 

μm signal before the signal is received by the measurement 

devices. The total dispersion of the laser cavity at 3.5 μm is 

~–0.7 ps2, which is calculated from the dispersion 

parameter of the ZBLAN fiber (~26.5 ps nm-1 km-1). It 

should be noted that the entire setup is in direct contact 

with the ambient air. No damage of the fiber or the optical 

elements is observed during the experimental works, in 

view of that the humidity and the temperature of the 

environment are carefully controlled. 

 

Fig. 3. Experimental setup of the 3.5 μm mode-locked fiber laser, 

and the diagram showing the transition processes involved in the 

generation of the 3.5 μm radiation. 

 

4. Experimental results 

 



We first use a gold-coated mirror to replace the SWCNT-

SAM, and establish CW lasing with the setup for 

optimizing the alignment of the optical elements. After the 

alignment of the elements is optimized, the SWCNT-SAM 

is placed into the setup. The laser beam is carefully focused 

onto the surface of the SWCNT-SAM. Mode-locking at 3.5 

μm is established by raising the pump power. A maximum 

output power of 25 mW for the mode-locking operation is 

achieved as the powers of the 976 nm pump and the 1973 

nm pump are tuned to 6.5 W and 2.7 W, respectively. The 

diameter of the laser spot on the surface of the SWCNT-

SAM is ~22 μm. The intracavity power of the laser during 

operation can be estimated as 167 mW, based upon the 

output power (25 mW) and the output coupling ratio of the 

laser cavity (15%). Given that almost all intracavity power 

is received by the SWCNT-SAM, we estimate the intensity 

of the laser beam focused on the SWCNT-SAM to be ~0.044 

MW/cm2, which is lower than the saturation intensity of 

the SWCNT (2 MW/cm2). The output characteristics of the 

laser are acquired using the following equipments: optical 

spectrum analyzer (OSA207C, Thorlabs), oscilloscope 

(SDA 820Zi-B, Teledyne Lecroy, bandwidth: 20 GHz), radio 

frequency (RF) spectrum analyzer (N9320A, Agilent), and 

photodetector (PCI-9, VIGO System, bandwidth: 250 MHz). 

 The spectrum of the mode-locked laser is presented in 

Fig. 4(a). The central wavelength of the laser locates at 

3470 nm. The full width at half maximum (FWHM) of the 

spectrum is 7.6 nm. Sharp spikes are observed in the 

spectrum. However, the essence of the spikes cannot be 

determined. The locations of the spikes exhibit significant 

disagreement with the locations of Kelly sidebands 

calculated using the method developed by Dennis et al. [40]. 

The wavelength of Kelly sideband is governed by the 

following equation: 

 
2 2
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in which N represents the sideband order, ΔλN represents 

the wavelength offset from the central wavelength for the 

N-th order sideband, λ0 represents the central wavelength 

of the pulse, c represents the speed of light, D represents 

the fiber dispersion parameter, and L represents the fiber 

length. In this case, the values of λ0, D, and L are 

respectively 3470 nm, 26.5 ps nm-1 km-1, and 4.2 m. By 

simple calculation, it is concluded that the slope of the least 

square linear fit of the squared wavelength offset versus 

sideband order (i.e., the item in the left of Eq. 2) is 7.2×10-

16. When we replace ΔλN with the wavelength offset of the 

spikes identified in the spectrum shown in Fig. 4(a), 

however, it is found that the value of the slope cannot be 

reached for any possible sideband order. In practice, to 

reach a slope of 7.2×10-16, the first order sideband should be 

of an offset from the central wavelength as large as 26.8 nm, 

which is clearly beyond the distance between the central 

wavelength and the closest prominent spikes. Therefore, 

the spikes cannot be simply verified as Kelly sidebands, 

and the operating regime of the pulse cannot be 

determined. Figure 4(b) demonstrates the oscilloscope 

trace of the pulse train. The adjacent pulses are spaced by 

39.6 ns. The RF spectrum of the 3.5 μm mode-locked laser 

is presented in Fig. 4(c), which is acquired with a RBW of 1 

kHz. The fundamental frequency (i.e., the repetition rate of 

the laser) is 25.2 MHz, with a signal-to-noise ratio (SNR) of 

~50 dB. The repetition rate is in good agreement with the 

39.6 ns space between the adjacent pulses. The pulse 

energy is calculated to be 0.98 nJ as the 25 mW output 

power is taken into account. The SNR of the RF beat (~50 

dB) is lower than that observed in stable mode-locked fiber 

lasers (60~80 dB). Thus, the mode-locking appears to be 

unstable. This is perhaps induced by the environmental 

factors, given that the system is established in a free-space 

setup and the ZBLAN fiber is highly sensitive to thermal 

effects. The RF spectrum in a 500 MHz span is presented 

in the inset with a RBW of 30 kHz. Owing to the limited 

bandwidth (250 MHz) of the photodetector, the amplitudes 

of the harmonics drop rapidly. Unfortunately, the specific 

pulse duration of the 3.5 μm mode-locked pulse cannot be 

accurately determined given that the highest power 

achieved in the experimental works is still below the 

response threshold of our autocorrelator. The transform 

limited pulse duration is calculated as 1.66 ps for sech2 

pulse, according to the 7.6 nm FWHM of the spectrum. 

 

Fig. 4. Characteristics of the 3.5 μm mode-locked pulses: (a) optical 

spectrum, inset: optical spectrum in linear format; (b) pulse train; 

(c) RF spectrum around the fundamental frequency, inset: RF 

spectrum in a 500 MHz span. (d) Damaged surface of SWCNT-

SAM, inset: pulse train of the Q-switched pulses. 

The laser can maintain fairly stable mode-locking 

operation for ~15 minutes. However, the mode-locking 

deteriorates and finally collapses into CW laser in longer 

operation. Sometimes even the CW laser is terminated. It 

is found that the deterioration is caused by the thermal 



induced bending of the angularly cleaved fiber tip. 

Although the length of the exposed fiber tip that is outside 

the fiber holder is only ~2 mm, the heat induced by the 

coupling loss is still enough to soften the tip and bend it. In 

order to address the issue, endcap or active cooling of the 

fiber tip is expected in our future works. 

By adjusting the focusing manner (and consequently, the 

intensity) of the laser beam on the SWCNT-SAM, unstable 

Q-switched operation is triggered. The switch between the 

mode-locking and the Q-switching operation can be 

attributed to the change of the incident intensity of the 

laser beam [41]. Previously Q-switched operation induced 

by CNT-based SA has been observed in the 2.8 μm Er-

doped ZBLAN fiber laser [37]. The oscilloscope trace of the 

Q-switched pulse train is presented in the inset of Fig. 4(d). 

The Q-switched pulses are of very high energy, and will 

damage the SWCNT-SAM quickly. The damaged surface 

of the SWCNT-SAM is shown in Fig. 4(d). 

 

5. Conclusions 

 

To conclude, we have demonstrated a mode-locked fiber 

laser operating at 3.5 μm based upon a SWCNT-SAM. The 

pulse generated from the laser is of a repetition rate of 25.2 

MHz. The maximum average power of the mode-locked 

pulses is 25 mW, corresponding to a pulse energy of 0.98 nJ. 

The experimental results reveal that SWCNT can be used 

as an effective SA for the mode-locking in the 3.5 μm 

spectral region. 
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