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We report a watt-level passively Q-switched 2.8 μm mid-infrared multi-mode fiber laser by employing multi-
layered two-dimensional MXene-Ti3C2Tx as the saturable absorber (SA). The MXene-Ti3C2Tx is fabricated by
selectively etching aluminum layers in Ti3AlC2. The non-saturable loss, modulation depth, and saturable inten-
sity of the SA at 2866 nm were measured to be 25.0%, 33.2%, and 0.043 GW∕cm2, respectively. The maximum
average output power of the Ti3C2Tx Q-switched fiber laser reached 1.09 W at 28.23% slope efficiency. The pulse
repetition rate, shortest pulse width, pulse peak power, and single-pulse energy were 78.12 kHz, 1.04 μs, 13.4 W,
and 13.93 μJ, respectively. This is the first demonstration of watt-level pulse generation in a mid-infrared fiber
laser using low dimensional materials, to the best of our knowledge. These results indicate that the Ti3C2Tx is a
reliable and superior broadband SA for high power mid-infrared pulsed laser generation. © 2020 Chinese Laser

Press

https://doi.org/10.1364/PRJ.388930

1. INTRODUCTION

High power pulsed fiber laser sources operating in the 3 μm
mid-infrared spectral region have drawn significant attention
in the past decade attributed to their growing number of
advanced applications in spectroscopy [1], infrared counter-
measures [2], and biological tissue ablation [3], as well as their
numerous advantages, including compact design, outstanding
beam quality, high conversion efficiency, flexibility, efficient
heat dissipation, and great potential for power scaling [4], over
other types of mid-infrared sources. Mid-infrared Q-switched
fiber laser sources capable of delivering laser pulses with high
average power and pulse energy have been realized by active,
passive, and hybrid approaches [5–7]. Compared with other
technologies, the passive method employing saturable absorbers
(SAs) possesses merits of simplicity, low-cost, and compactness.

While many kinds of materials have been considered as
SAs for mid-infrared pulsed fiber laser, there is a particular
demand for two-dimensional (2D) layered materials-based
mid-infrared pulse generation. This is due to that they over-
come the inherent drawbacks, namely a complicated manufac-
ture process, high cost, and narrow operational waveband, of
traditional SAs, such as semiconductor saturable absorber mir-
rors (SESAMs) and Fe2�:ZnSe [8,9]. Therefore, the explora-
tion of novel 2D materials for mid-infrared fiber laser pulse

generation has been flourishing, and some encouraging results
have been obtained [6,10–13].

Among various 2D materials, MXenes, a new series of 2D
materials composed of transition metal carbides and/or car-
bonitrides with a generic chemical formula of MnXn�1Tx
(n � 1–3), has attracted rapid growing attention due to their
distinctive and remarkable optical, electronic, and thermal
properties. In the chemical formula, M represents an early tran-
sition metal [e.g., titanium (Ti), niobium (Nb), chromium
(Cr), or molybdenum (Mo)], X denotes carbon and/or nitro-
gen, and Tx represents the surface functional group termina-
tions (e.g., hydroxyl, oxygen, or fluorine) [14,15]. Being
discovered lately, MXenes have already been intensively inves-
tigated both in theory and in experiments. In contrast to other
(semiconducting or semimetal) 2D SAs reported, 2D MXenes
(e.g., Ti2C3, Ti3CN, Mo2C) have been demonstrated to be
metallic with high electron density near the Fermi level, which
makes MXenes highly conductive [16]. Due to the metallic
electronic band structure, their optical absorption can cover
a broad wavelength region from near-infrared to mid-infrared,
demonstrating the potential wideband SA applications [17–19].
Furthermore, MXenes are resilient with high damage thresh-
olds and have very high melting points, excellent stability, as
well as highly tunable and tailorable electronic/optical proper-
ties. In addition, the optoelectronic characteristics of MXenes
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(e.g., Ti3C2Tx) have been proven to be sensitive not only to the
type of surface termination but also to their orientation relative
to MXene sheets [20]. All the above properties make MXenes
highly suitable for effective nonlinear optical modulators for
high power mid-infrared pulsed laser generation.

Recent studies with pulsed fiber lasers showed that MXenes
(Ti3CNTx , Mo2C, Ti3C2Tx , Ti2CTx) are excellent wideband
SAs for laser pulse generations in the near-infrared spectral
region with low linear losses and large modulation depths
[18,20–23]. Jhon et al. presented a stable mode-locked fiber
laser using Ti3CN as an SA with an output power of 0.05 mW
and a repetition rate of 15.4 MHz at 1557 nm [18]. Dong et al.
experimentally characterized the nonlinear absorption of
Ti3C2Tx thin films at 1064 nm and showed a high modulation
depth of up to ∼50% and a high threshold of ∼70 mJ · cm−2

for optical damage [24]. Very recently, Wang’s group reported a
1.5 μm Q-switched Er3�-doped fiber laser with an output
power of 40 mW and pulse energy of 305 nJ based on
Ti3C2Tx [25]. Yi et al. reported a 2.8 μm stable Q-switched
fiber laser with a maximum output power of 80 mW and pulse
energy of 0.81 μJ using a Ti2CTx SA [23]. However, the satu-
rable absorption properties around 3 μm, such as the modula-
tion depth and saturable intensity, were not given. In addition,
the average output power and pulse energy of the MXene SA
reported in previous works are still below 100 mW and
1 μJ, respectively.

In this study, we demonstrated a watt-level high-efficiency
passivelyQ-switched 2.8 μmmid-infrared fiber laser based on a
MXene-Ti3C2Tx SA. The 2786.2 nm passively Q-switched
laser pulses with output power of 1.09 W and pulse energy
of 13.93 μJ were realized. The multi-layered Ti3C2Tx was pre-
pared by selective etching of the aluminum layers in Ti3AlC2.
The nonlinear absorption of the MXene-Ti3C2Tx SA was char-
acterized at 2866 nm using a homemade nonlinear absorption
measurement system. The modulation depth, non-saturable
loss, and saturable peak intensity were measured to be 33.2%,
25.0%, and 0.043 GW∕cm2, respectively. By employing the
MXene-Ti3C2Tx as the SA, we obtained 2786.2 nm passively
Q-switched laser pulses with a pulse width of 1.04 μs at a
repetition rate of 78.12 kHz. The slope efficiency was 28.23%.
The maximum average power, pulse energy, and slope effi-
ciency all represent the highest levels from a mid-infrared pas-
sively Q-switched fiber laser based on 2D materials.

2. PREPARATION AND CHARACTERIZATION OF
MXENE-Ti3C2Tx

The multi-layered MXene-Ti3C2Tx was prepared by etching
the aluminum layers in Ti3AlC2 through a minimally intensive
layer delamination (MILD) procedure. First, 2 g LiF was added
into 40 mL of HCl (6 mol/L). After stirring at room temper-
ature for ∼5 min, 2 g of Ti3AlC2 was then added, and the
mixture was continually stirred at 35°C for another 24 h.
The flask covering was kept tight during the reaction to prevent
the volatilization of HCl. After etching, the mixture was
washed repeatedly by water (3 × 50 mL) until the pH value
reached ∼6. The mixture was then centrifuged at 3500 r/min
for 1 h to obtain a multi-layered MXene-Ti3C2Tx super-
natant, which was further dip-coated onto the surface of a

highly reflective gold mirror for further characterizations and
applications.

After selective etching of the aluminum layers of Ti3AlC2,
the prepared MXene-Ti3C2Tx nanosheets showed a multi-
layered structure with alternate Ti and carbon (C) layers in
between and functional layers (i.e., O, F, and OH) on both
sides (Fig. 1). The multi-layered Ti3C2Tx nanosheets can be
further delaminated to form few-layered or mono-layered
MXene-Ti3C2Tx (Fig. 1). The few-layered MXene-Ti3C2Tx
nanosheets were investigated by a transmission electron micro-
scope (TEM) (Tecnai G2 F20) and an atomic force microscope
(AFM) (BioScope Resolve). A thin wedge-shaped structure
with ∼200 nm length and ∼80 nm width was observed in both
TEM and AFM images [Figs. 2(a) and 2(b)]. The thickness of
the nanosheets is well distributed between 5 and 6 nm, which are
composed of only few layers [Fig. 2(b)]. The high-resolution
TEM (HRTEM) (Tecnai G2 F20) image shows the inter-layer
distance of the few-layered MXene-Ti3C2Tx nanosheets of
9.87 Å, corresponding to (002) facets, which matches well
with the previous theoretically calculated value (9.93 Å)
[Fig. 2(c)] [26]. These indicated the successful fabrication of
MXene-Ti3C2Tx nanosheets.

Multi-layered MXene-Ti3C2Tx nanosheets were used to
prepare the MXene-Ti3C2Tx on the surface. The morphologies
and distributions were investigated by scanning electron
microscopy (SEM) (JSM 7500F). The nanosheets were uni-
formly distributed on the substrate, indicating the MXene-
Ti3C2Tx shows homogeneous and stable absorbance on the
surface [Fig. 2(d)]. An enlarged SEM image showed the accor-
dion-like layered structure of the multi-layered Ti3C2Tx nano-
sheets, which is in good accordance with the previous reports.
The thickness of the multi-layered Ti3C2Tx nanosheets was
measured to be ∼600 nm, which is ∼100 times thicker than
that of the few-layered Ti3C2Tx nanosheets [Fig. 2(e)]. It is
worthy to note that the Ti3C2Tx with more layers has a
stronger interaction with light than the few-layer or mono-layer
structures [27,28]. The MXene-Ti3C2Tx shows wide and flat
absorption between 1500 nm and 3000 nm with an absorptiv-
ity absorbance of ∼43% in the mid-infrared spectral region,
indicating the potential to be an outstanding broadband optical
modulator around 3 μm [Fig. 2(f )]. The small peak at
∼2870 nm might result from the structure defection of the
material.

The nonlinear absorption of Ti3C2Tx was characterized by a
typical power-dependent absorption measurement setup as
shown in Fig. 3(a). The laser source was a homemade SESAM
passively mode-locked Ho3�∕Pr3� co-doped fluoride fiber

Fig. 1. Schematic illustration of fabricating multi-layered MXene-
Ti3C2Tx , mono-layered MXene-Ti3C2Tx , and MXene-Ti3C2Tx SA.
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laser with a center wavelength of 2866.0 nm, a pulse duration
of ∼20 ps, and a repetition rate of 17.86 MHz. A bandpass
filter (FB2750-500, Thorlabs) was used to remove the residual
1150 nm pump laser. A gold (Au) mirror was utilized to steer
the light. After that, a tunable diaphragm was used to contin-
uously change the laser intensity radiated on the SA. A polari-
zation beam splitter (PBS) with a 50:50 ratio was placed at an
angle of 45° with respect to the light path to separate the laser
source into two beams. The transmitted beam was focused on
the Ti3C2Tx-coated Au mirror as the reflected power recorded
by a power meter detector (Detector 1). The reflected beam was
used as a reference power recorded by another power meter
detector (Detector 2). By tuning the diaphragm, the reflectivity
of the sample was calculated at various incident powers.
Figure 3(b) shows the reflectivity as a function of pulse peak
intensity. The experiment data was fitting with the formula:

R�I� � 1 − ΔR · exp�−I∕I sat� − Rns, (1)

where R�I� is the reflectivity, ΔR is the modulation depth, I is
the incident peak intensity, I sat is the saturable peak intensity,
and Rns is the non-saturable loss. The calculated modulation

depth, non-saturable loss, and saturable peak intensity
are determined to be 33.2%, 25.0%, and 0.043 GW∕cm2,
respectively.

3. EXPERIMENTAL SETUP

The schematic setup of the passively Q-switched Er3�-doped
ZBLAN fiber laser based on the MXene-Ti3C2Tx SA is shown
in Fig. 4. The pump light was provided by a 30 W fiber-
coupled laser diode (LD) operated at 976 nm with a core diam-
eter of 105 μm and a numerical aperture (NA) of 0.22. An
aspheric condenser lens (L1) with a focal length of 16 mm
was employed to collimate the pump light. For focusing the
pump light into the first cladding of gain fiber, a CaF2
plano-convex lens (L2) with a focal length of 20 mm was used.
A 3.0 m double cladding Er3�-doped ZBLAN fiber (Fiberlabs,
Japan) with an erbium doping concentration of 60,000 ppm
(parts per million) was used as the gain medium, which has
a pump core with a diameter of 300 μm and an NA of
0.51 and a circular core with a diameter of 33 μm and an
NA of 0.12. The fiber end facing the pump LD was perpen-
dicularly cleaved to provide one cavity feedback with the help of
4% Fresnel reflection. The other end of the fiber was cleaved at
an angle of 8° to avoid parasitic lasing. The laser beam from the
angle-cleaved end was collimated by an AR-coated CaF2 plano-
convex lens (L3) with a focal length of 20 mm. A CaF2 plano-
convex lens (L4) with the same focal length was used to focus
the laser onto the Ti3C2Tx-coated gold mirror (M2), which

Fig. 2. (a) TEM image of the Ti3C2Tx nanosheets on a scale of
50 nm. (b) AFM image of few-layered Ti3C2Tx on a scale of
200 nm and the corresponding height profile. (c) HRTEM image
of Ti3C2Tx nanosheets on a scale of 10 nm. (d) SEM images of
Ti3C2Tx nanosheets on a scale of 5 μm and 600 nm (inset).
(e) AFM image of multi-layered Ti3C2Tx nanosheets on a scale of
200 nm and the corresponding height profile. (f ) Linear absorption
spectrum of Ti3C2Tx powder.

Fig. 3. (a) Experimental setup of nonlinear absorption measure-
ment at 2866 nm. (b) Reflectivity of the Ti3C2Tx sample as a function
of pulse peak intensity.

Fig. 4. Schematic setup of the passively Q-switched Er3�-doped
ZBLAN fiber laser based on the MXene-Ti3C2Tx SA.
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also provided the terminating cavity feedback. A dichroic mir-
ror (M1) with 96% transmission at ∼976 nm and 95% reflec-
tion at ∼2.8 μm was placed between L1 and L2 at an angle of
45° with respect to the pump beam to steer the laser. The aver-
age power of the output laser beam was measured with a power
meter (Laserpoint) along with a commercial 2.75 μm bandpass
filter (FB2750-500, Thorlabs), which had a measured transmit-
tance of ∼84% at ∼2.78 μm. The pulse train was captured by
an indium arsenide (InAs) detector with a response time of 2 ns
connected with a 500 MHz bandwidth digital oscilloscope.
A monochromator with a scanning resolution of 0.1 nm
(Princeton Instrument Acton SP2300) was utilized to measure
the laser spectrum.

4. EXPERIMENTAL RESULTS AND DISCUSSION

The fiber laser started the Q-switching operation with a corre-
sponding output power of 82.0 mW when the pump power
was increased to 1.97 W. However, the pulse trains were un-
stable. It should be noted that the pump powers and the output
powers mentioned here and below refer to the powers launched
into the fiber and the average output powers, respectively.
When the pump power increased to 2.72 W, a stable passively
Q-switched pulse train was observed with a repetition rate of
32.47 kHz and a pulse width of 3.28 μs, as shown in Figs. 5(a)

and 5(c). The Q-switched pulse train could maintain stability
until the pump power reached 5.87W. The corresponding rep-
etition rate and pulse width were 78.12 kHz and 1.04 μs, re-
spectively, as shown in Figs. 5(b) and 5(c). Once the pump
power exceeded 5.87 W, the pulse train became unstable
and then reverted to continuous-wave (CW) regime when the
pump power grew to 6.03W. This phenomenon was caused by
the excessive heat accumulation of SA under strong signal laser
[6,13,29]. At the pump power of 5.87 W, the optical and radio
frequency (RF) spectra of theQ-switched pulses were measured
as shown in Fig. 5(d) and the inset, respectively. The wave-
length was centered at 2786.2 nm, and the full width at half
maximum (FWHM) was about 2.3 nm. The signal-to-noise
ratio (SNR) was 42.1 dB at the frequency of 78.12 kHz, which
indicated a stable Q-switched operation.

Figure 6(a) depicts the average output power and pulse
energy as functions of the pump power. The average
output power increased almost linearly from 0.21W to 1.09 W
and the pulse energy raised from 6.52 μJ to 13.93 μJ when the
pump power grew from 2.72 W to 5.87 W. Considering the

Fig. 5. Q-switched pulse trains at the pump power of (a) 2.72 W
and (b) 5.87 W, (c) Q-switched single-pulse waveforms at the pump
power of 2.72W and 5.87 W, and (d) optical and RF (inset) spectra of
the Q-switched pulses at the pump power of 5.87 W.

Fig. 6. (a) Output power and single-pulse energy as functions of the
pump power, (b) output powers and slope efficiencies of mid-infrared
passivelyQ-switched fiber lasers with different 2Dmaterials SAs (icons
with squares: multi-mode; icons with circles: mode unknown; icons
without framing: single mode), and (c) repetition rate and pulse width
as functions of the pump power.

Research Article Vol. 8, No. 6 / June 2020 / Photonics Research 975



33 μm core diameter of the gain fiber (cutoff wavelength
5.2 μm), the pulsed laser was operating in multi-mode. The
stable Q-switched operation with average output power as
high as 1.09 W indicates the high damage threshold of the
SA. The slope efficiency of this laser system was measured to
be 28.23%. Such high slope efficiency could be mainly attrib-
uted to the low insertion loss of the SA and the compact cavity
design. Figure 6(b) gives a summary of the output powers
and slope efficiencies from the previously demonstrated 2D
materials-enabled mid-infrared passively Q-switched fiber la-
sers [6,11–13,23,29–34]. We can see from Fig. 6(b) that both
the output power and slope efficiency achieved from this work
are the highest. Figure 6(c) shows the measured repetition rate
and pulse width as functions of the pump power. The repeti-
tion rate increased from 32.47 kHz to 78.12 kHz, while the
pulse width decreased from 3.28 μs to 1.04 μs. Accordingly,
the highest peak intensity was calculated to be 19.13 kW∕cm2.

In our experiment, when the pump power reached 7.98 W,
which is the highest pump power we used to prevent the end
facet degradation in the optical fiber due to heat accumulation,
the laser was still operating in the CW regime. We then
decreased the pump power back to around 5.87 W, and stable
Q-switched pulses with the same average power, repetition rate,
and pulse duration as before were observed again, indicating
that the MXene-Ti3C2Tx SAwas not damaged, which also veri-
fied the high optical damage threshold of MXene-Ti3C2Tx .
However, we have not observed mode-locked operation of
this fiber laser in our experiment. This may result from the
un-optimized parameter range of the MXene-Ti3C2Tx SA
and/or the current laser resonator design. Further investigation
into the mode-locked operation of mid-infrared fiber lasers
by optimizing the linear and nonlinear absorption of the
MXene-Ti3C2Tx and increasing the Q factor of the optical
laser resonator is currently underway.

5. CONCLUSION

In conclusion, we experimentally investigated the saturable
absorption property of Ti3C2Tx at 2866 nm and revealed
its potential as a superior SA in the 3 μm mid-infrared region.
We present the first, to the best of our knowledge, watt-level
passively Q-switched 2.8 μm mid-infrared fiber laser based on
2D materials. The calculated modulation depth, non-saturable
loss, and saturable peak intensity of the as-prepared Ti3C2Tx
are 33.2%, 25.0%, and 0.043 GW∕cm2, respectively. The
maximum pulse energy of 13.93 μJ at a repetition rate of
78.12 kHz and a high slope efficiency of 28.23% were ob-
tained. This work indicates that MXene-Ti3C2Tx is a reliable
and superior broadband SA for high power mid-infrared pulsed
laser generation.
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