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Abstract: In this work, we successfully fabricated a transmissive saturable absorber (SA) with Ti2CTx

MXene using the spin-coating method. By inserting the Ti2CTx saturable absorber into the diode-
pumped solid-state (DPSS) Nd:YAG laser, a stable passively Q-switched operation was obtained
near 1.06 µm. At a pump power of 4.5 W, we obtained the shortest pulse duration of 163 ns with
a repetition rate of 260 kHz. The corresponding single pulse energy and peak pulse power were
3.638 µJ and 22.3 W, respectively. The slope efficiency and the optical conversion efficiency of the
laser were 21% and 25.5%, respectively. To the best of our knowledge, this is the first time that Ti2CTx

was used in the passively Q-switched solid-state lasers. This work demonstrates that Ti2CTx can be a
promising saturable absorber for solid-state laser pulse generation.

Keywords: Ti2CTx MXene; saturable absorber; solid-state laser; Q-switched laser

1. Introduction

MXene (a novel class of 2D transition metal carbides and nitrides) is a relatively new
material [1,2] that has becomes increasingly attractive for excellent characters, including
high optical modulation depth [3], excellent conductivity [4], and good physical stability
at room temperature [5]. MXene represents a material system composed of Mn+1XnTx
elements, wherein M refers to a transition metal element, X refers to C or N, T refers to the
terminations on the surface of the 2D material, and n = 1, 2, 3. Since the first discovery of
MXene by Y. Gogotsi in 2011 [1], MXene has been implemented in various fields such as
energy storage, electrochemistry, biocatalysts, biochemical sensing, and nonlinear optics.
For an instant, Ti3C2Tx/CNTs was successfully used as a separator in Li-S battery for the
realization of high-performance Li-S batteries [6]. Spraying Ti3C2Tx MXene on commercial
polypropylene is a simple, convenient, and effective way to improve the electrochemical
performance of Ni-rich cathode [7]. A new biosensor using Ti3C2Tx MXene nanocrystals
showed high sensitivity [8]. The MXene has also been considered as a surface plasmon
resonance refractive index sensor for biochemical sensing applications [9]. Due to the small
average band gap (smaller than 0.2 eV), MXene has the potential to be used in ultrafast
photonics as a saturable absorber (SA) [10].

Solid-state laser systems that produce short pulse duration and high pulse energy are
required for various applications in medical surgery [11], remote sensing [12], scientific
research [13], and laser material processing [14]. Compared with other Q-switched lasers,
passively Q-switched diode-pumped solid-state (DPSS) lasers is a simple, cost-effective de-
vice to obtain high-peak-power pulses in the nanosecond and sub-nanosecond regimes [15].
For the most part, saturable absorbers (SAs) play a significant role in the realization of
passively Q-switched laser pulses. Some kinds of traditional SAs have been developed for
many years, including semiconductor saturable absorber mirrors (SESAMs) [16] and transi-
tion element (Cr4+, V3+) doped crystals [17,18]. However, some inherent disadvantages of
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them limit their applications. The former is expensive and difficult to manufacture, while
the latter has not only a narrow operation wavelength band but a high pumping thresh-
old [19]. In recent years, two-dimensional (2D) materials have been used more and more
in the field of Q-switched laser pulse generation due to their advantage of compactness,
low-cost, and convenience [20–28].

Due to the excellent nonlinear optical absorption characteristic, a few SAs based on
MXene (Ti3C2Tx [29–32], Ti3CNTx [33], V2CTx [34]) have been studied for Q-switched
and mode-locked lasers in the past few years. Lately, passively Q-switched solid-state
lasers based on Ti4N3Tx-SAs were realized in the mid-infrared wavelength region [35].
The few-layered hybrid Ti3C2(OH)2/Ti3C2F2 were used as SAs to make a passively Q-
switched Nd:YVO4 laser at 1 µm and 1.3 µm [36]. As a member of MXene, Titanium carbide
(Ti2CTx) has only a few relevant reports on its saturable absorption characteristics and its
application in passively modulated lasers. Until now, Ti2CTx has been successfully used
as SA in the fiber laser field. The excellent nonlinear absorption performance of Ti2CTx in
the mid-infrared field was found by Yi et al. [37]. Our group has previously investigated
the optical characteristics of few-layer Ti2CTx (T=O, OH, or F) nanosheets (the band gap
of the Ti2CTx nanosheets is 0.12 eV) and applied them as SAs to obtain ultrafast fiber
lasers [38]. Comparing with fiber lasers, solid-state lasers are more suitable for producing
high energy short pulse due to their less nonlinear pulse splitting [39]. However, the
saturable absorption behavior of MXene Ti2CTx-SAs near 1 µm applied in DPSS laser has
been rarely reported.

In this work, the Ti2CTx nanosheets were characterized for their linear and nonlinear
absorption properties in the near-infrared band. One Ti2CTx transmissive SA was fabricated
by spreading the few-layer Ti2CTx dispersions over a quartz substrate on a rotary platform.
After inserting the Ti2CTx SA into the designed plane–concave cavity, passively Q-switched
Nd:YAG laser operation near 1 µm was realized. The passively Q-switched Nd:YAG laser
generated pulses with a minimum duration of 163 ns, a maximum pulse repetition rate
of 260 kHz, a maximum single-pulse energy of 3.638 µJ, and a maximum peak power of
22.3 W.

2. Experimental
2.1. Fabrication of Ti2CTx-SAs

Commercially available multilayer Ti2CTx nanosheet powder (11 technology co., LTD.,
Changchun, Jilin, China) was used as the starting material. After etching the MAX parent
phases of Ti2AlC powders in the hydrofluoric acid (HF), the multilayer Ti2CTx nanosheets
were successfully synthesized. The obtained multilayer Ti2CTx nanosheet powder was
dissolved into isopropyl alcohol (IPA) and sonicated for 12 h. After the ultrasonic process,
the dispersed solution was centrifuged at a speed of 8000 rpm for 30 min. Then the
supernatant was collected into a glass bottle and sonicated for 10 min. Figure 1 (Left inside)
shows the image of the prepared supernatant in IPA. Then, the prepared solution was
dropped on one 25 mm × 25 mm × 1 mm quartz glass sheet (ultrasonicated with alcohol
for 10 min) to make a transmissive SAs. The detailed fabrication process of the transmissive
Ti2CTx-SAs by using the spin-coating method is shown in Figure 1.

2.2. Characterization of Ti2CTx-SAs

The surface structure of the prepared Ti2CTx-SAs was observed by using scanning
electron microscopy (SEM, JSM-5910LV, JEOL, Tokyo, Japan). As shown in Figure 2a,
a clear layered structure can be seen, indicating successful exfoliation. Figure 2b shows
the atomic components and corresponding ratio of the as-prepared Ti2CTx films measured
by the energy dispersive spectrometer (EDS) (Oxford Instruments, Oxford, UK). The
percentage of C and Ti are 30.87%, 69.13% in the Ti2CTx, the corresponding ratio of C
to Ti is about 1:2. The distribution of Ti2CTx with a few layers and surface morphology
thickness was obtained by using the atomic force microscope (AFM, MFP-3D Infinity,
Asylum Research, Oxford, UK). According to the measurement, a morphology image is
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presented in Figure 2c in a square region with dimensions of 3 µm × 3 µm. Three different
sections were chosen to determine the thickness of Ti2CTx nanosheet. As illustrated in
Figure 2d, the corresponding thickness of the synthesized Ti2CTx nanosheet was between
4.29 nm and 4.59 nm through the thickness profile. According to previous reports [40,41],
the thickness of single-layer Ti2CTx is about 1.5 nm, so the number of nanosheet layers
in the Ti2CTx films is about 3. Figure 2e shows the 3D morphology image of the Ti2CTx
films, and we can see that the nanosheets are evenly distributed from here. Figure 2f shows
the absorption spectra of the Ti2CTx-SAs in the wavelength range from 400 to 2000 nm
measured by a UV/VIS/NIR spectrometer(LAMBDA, Pekin Elmer Inc., Waltham, MA,
USA), indicating that the absorption of the sample was measured to be about 66% at 1.0 µm
(the absorption of the glass sheet has been taken into account).
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One open aperture Z-scan measuring method was used to study the nonlinear charac-
teristics of Ti2CTx-SAs. Nonlinear optical properties of 2D materials can be affected by the
temperature [42,43]. During the experiment, the operating temperature was kept at room
temperature (290–300 K). The normalized transmittance in 1064 nm of this material was
measured by a commercial Ti: sapphire oscillator (808 nm, 100 fs, 1 kHz,) and an optical
parametric amplifier (OPA) system, as shown in Figure 3. The measured data were fitted
by Equation (1):

T(I) = 1 − ∆Texp

(
− I

Isat

)
− Tns (1)

where ∆T is the modulation depth, Isat is the saturation intensity, and Tns is the non-
saturable loss. By fitting the data with the above equation, we can know the modulation depth
and the saturation intensity of Ti2CTx-SAs are about 4.5% and 32.02 GW/cm2, respectively.
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Figure 3. Nonlinear transmission property versus the optical intensity. Inset: the Z-scan curve of the
Ti2CTx-SAs.

2.3. Q-Switched Solid-State Lasers with Ti2CTx-SAs

A single mirror system is specially designed to achieve Q-switched operation with
Ti2CTx- SAs, and the experimental setup is shown in Figure 4a. The pump source is a
commercially available fiber-coupled 808 nm diode laser with the maximum output power
of 30 W. The fiber core diameter is 200 µm and the NA is 0.22. A collimating focus lens
set (1:0.8) is used to focus the pump beam into the laser gain medium with a diameter
of 180 µm. The laser gain medium is a 3 mm × 3 mm × 4 mm Nd:YAG (1.2 at%, cut in
the [111] direction). The Nd:YAG crystal is wrapped by an indium foil and mounted in
a copper block cooled by the circulating water with a temperature of 17 ◦C. The S1 film
(high transmission for 808 nm and high reflection for 1064 nm) plated on the end surfaces
of the crystal acts as an input mirror. Another S2 film (high transmission at 1064 nm
and high reflection at 808 nm) plays an important role to ensure that the pump light
can be absorbed twice by the crystal and, also, to prevent the pump light from affecting
the subsequent SAs. The concave output coupler (OC) M2 with a radius of 50 mm was
coated with a partial transmission of 5% at 1064 nm. The film S1 and the OC M2 constitute
a simple plane-concave resonator, of which the total length was optimized to be about
10 mm. The ABCD matrix method is a matrix (2 × 2) that describes the role of an optical
element in the transmission (free uniform medium, thin lens, and mirrors) of a laser
beam [44]. The components in the resonant cavity can be regarded as a matrix (2 × 2), and
by calculating the matrix, we can get the matrix parameters of the laser at any point in
the resonant cavity. The gain medium and the film S1 are equivalent to an optical thin
lens and a plane mirror. By the ABCD matrix method, the spot size of each position of the
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central axis of the resonator can be calculated. The simulated laser beam radius within the
resonator is shown in Figure 4b. The Ti2CTx-SAs was placed 1 mm apart from the gain
medium to obtain high intra-cavity optical intensity and the corresponding incident spot
radius was estimated at 0.083 mm on the Ti2CTx-SAs.

Polymers 2021, 13, x FOR PEER REVIEW 6 of 14 
 

 

 
Figure 4. (a) Experimental setup for the MXeneTi2CTx-SAs based passively Q-switched laser. (b) The lasing mode radius 
of the spot in the laser cavity by theoretical estimation. 

3. Results and Discussion 
Before carrying out the passively Q-switched laser experiment, the continuous-wave 

(CW) laser operation was investigated first. The output power was measured with a 
power meter (30A-P-17, Ophir Optronics Solutions Ltd., Jerusalem, Israel). As shown in 
Figure 5, the threshold pump power was 0.5 W. A maximum CW output power of 2.903 
W was obtained at the pump power of 7.5 W, and the corresponding optical conversion 
efficiency and slope efficiency were 38.7% and 39.9%. By inserting the Ti2CTx-SAs into the 
laser cavity, a stable passively Q-switched (PQS) pulse laser was achieved when the pump 
power was increased at 1.5 W. At the pump power of 4.5 W, a maximum PQS laser aver-
age output power of 0.946 W was obtained, corresponding to an optical conversion of 
21%, and a slope efficiency of 25.5%. When the pump power exceeded 4.5 W, the passively 
Q-switched pulse laser became unstable and disappeared. To protect the Ti2CTx-SAs, ex-
periments were carried out when the power was less than 4.5 W. 

Figure 4. (a) Experimental setup for the MXeneTi2CTx-SAs based passively Q-switched laser. (b) The
lasing mode radius of the spot in the laser cavity by theoretical estimation.

3. Results and Discussion

Before carrying out the passively Q-switched laser experiment, the continuous-wave
(CW) laser operation was investigated first. The output power was measured with a power
meter (30A-P-17, Ophir Optronics Solutions Ltd., Jerusalem, Israel). As shown in Figure 5,
the threshold pump power was 0.5 W. A maximum CW output power of 2.903 W was
obtained at the pump power of 7.5 W, and the corresponding optical conversion efficiency
and slope efficiency were 38.7% and 39.9%. By inserting the Ti2CTx-SAs into the laser
cavity, a stable passively Q-switched (PQS) pulse laser was achieved when the pump power
was increased at 1.5 W. At the pump power of 4.5 W, a maximum PQS laser average output
power of 0.946 W was obtained, corresponding to an optical conversion of 21%, and a
slope efficiency of 25.5%. When the pump power exceeded 4.5 W, the passively Q-switched
pulse laser became unstable and disappeared. To protect the Ti2CTx-SAs, experiments were
carried out when the power was less than 4.5 W.
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Figure 5. Output power versus pump power at CW (blue dots) and passively Q-switched (PQS)
mode (red dots).

By using a spectrometer (USB4000-VIS-NIR, Ocean Optics Inc., Dunedin, FL, USA)
with a range of measurements from 200–1100 nm, the output spectra of CW and PQS
Nd:YAG laser were achieved. As shown in Figure 6a, an output wavelength with a center
wavelength of 1064.93 nm was acquired at the CW average output power of 1.3 W. While in
the PQS mode, the output wavelengths with center wavelengths of 1064.93 nm, 1064.93 nm,
1065.17 nm, and 1065.41 nm were achieved with average output power increasing from
0.182 W to 0.946 W, which means the insertion of Ti2CTx-SAs rarely affected the central
emission wavelength of the Nd:YAG laser. As shown in Figure 6b, the output spectrums of
the laser at hourly intervals for five hours of PQS operation (output power: 0.946 W) was
measured. And the results show slight changes in the PQS laser output spectrums.
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Figure 6. (a) Output spectrums of the Nd:YAG CW and PQS laser. (b) Output spectrums of the Nd:YAG PQS laser lasted
for 5 h at the output power of 0.946 W.

One InAsSb (DET10A/M, Thorlabs, Inc., Newton, NJ, USA) photodetector was used
to collect the laser output pulse train signal, and a high-speed oscilloscope (DPO4104B,
Tektronix, Inc., Shawnee Mission, KS, USA) with a bandwidth of 1 GHz and a sampling rate
of 5 GHz is used for display measurement. By inserting the Ti2CTx-SAs in the cavity and
gradually increasing the pump power, the pulse changed from a disordered waveform to a
stable Q-switched sequence waveform. Figure 7b shows the pulse duration and repetition
rate versus pump power. The pulse duration decreased from 600 ns to 163 ns with the
increase of pump power, while the pulse repetition rate increased from 126.5 kHz to
260 kHz. At the pump power of 4.5 W, the shortest pulse duration of 163 ns was obtained.



Polymers 2021, 13, 247 7 of 12

Figure 7a shows the calculated single pulse energy and peak power versus the pump
power. The maximum single pulse energy was calculated as 3.638 µJ, corresponding to a
maximum pulse peak power of 22.3 W. Figure 8 displays three single pulse shapes and
corresponding pulse trains of the Nd:YAG/Ti2CTx-SAs laser at the pump power of 3 W,
3.5 W, and 4.5 W, respectively, which looks uniform and stable. At the same condition, the
pulse train became denser (the pulse repetition rate become higher) with the increasing
pump power. The shapes of the pulses were symmetrical, and the pulse duration became
shorter with the increasement of the pump power. As the experiment went on, the output
pulse train changed slightly (e.g., pulse width, repetition frequency), but the output was
still a conventional Q-switched pulse train. The instabilities (output power, rms) of the
Nd:YAG/Ti2CTx-SAs PQS laser was measured to be 3.125% at 0.5 h.
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Figure 7. (a) Single pulse energy and peak power versus pump power. (b) Pulse duration and
repetition rate versus the pump power.

With a laser beam profiling system (BeamGate, Ophir-Spiricon, North Logan, UT,
USA), the beam quality of the CW and PQS Nd:YAG laser was evaluated. Figure 9a shows
the 2D and 3D spatial power distribution of CW Nd:YAG laser at the pump power of 3 W.
Figure 9b–d show the 2D and 3D spatial power distribution of PQS Nd:YAG laser at the
pump power of 3 W, 3.5 W, and 4.5 W. These results indicated that the output transverse
modes of the CW and PQS Nd:YAG laser are all TEM00 modes, which means the out laser
beam have a high quality.
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The output properties of Q-switched solid-state lasers modulated by different 2D
Materials-SAs are shown in Table 1. The Nd:YAG/Ti2CTx-SAs laser has a shorter pulse
duration than the most 2D Materials-SAs based lasers. Compared to other MXene-SAs
based lasers, the average output power, output pulse energy, and pulse peak power of the
Nd:YAG/Ti2CTx-SAs laser are much higher. Besides, compared to the Nd:YAG/Ti3C2Tx-
SAs laser, the average output power, output pulse energy, and pulse peak power are
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increased by about 10 times, 6 times, and 11 times. The optical conversion efficiency
of this Nd:YAG/Ti2CTx-SAs laser also stands out from the list. The specially designed
laser resonator (relatively short cavity, optimal OC) also contributed to the good output
characteristics [45,46]. Some MXene/polymers SAs have been successfully used in ultrafast
lasers [47–49]; by combining MXene with the polymers, the properties of the MXene-SAs
have been improved. Further work could be done to improve the properties of the MXene
Ti2CTx-SAs in Q-switched solid-state lasers.

Table 1. Comparison of different 2D materials-SAs used in Q-switched solid-state lasers.

SAs Λ (nm) Laser Type T (ns) F (kHz) P (mW) ESP (µJ) PP (W) ε Ref.

Graphene 1064 Nd:GdVO4 104 600 1220 2.03 19.52 12.2% [50]

Black phosphorus 1064 Nd:GdVO4 495 312 22 0.07 0.141 3.7% [51]

TIs
Bi2Te3 1064 Nd:YVO4 2000 151.5 170 1.122 0.561 3.2% [52]
Bi2Se3 1064 Nd:GdVO4 666 547 32 0.058 0.087 1.7% [53]

TMDs
ReS2 1064 Nd:YAG 139 644 120 0.186 1.34 12.6% [54]
MoS2 1064 Nd:GdVO4 970 732 227 0.31 0.32 8.3% [55]

MXene

Ti3C2Tx

639 Pr:LiYF4 264 163 150 0.92 3.48 6.0% [56]
1049 Nd:SRA 346 201 130 0.65 1.87 4.6% [57]

1064 Nd:YAG
(ceramic) 359 186 94.8 0.66 2.04 2.3% [58]

1300 Nd:YVO4 454 162 30 0.2 0.406 0.6% [59]
2100 Ho:YLF 837 35.5 341 20.8 7.43 13.3% [60]
2730 Er:CaF2-SrF2 814 45.3 286 6.32 7.76 10.6% [61]
2950 Ho, Pr:LLF 266.7 83.24 105 1.26 4.73 4.5% [62]

Mo2CTx
1064 Nd:YAG 136 261 547 2.09 15.41 9.7% [63]
1342 Nd:YVO4 222 236 236 1.41 6.36 3.1% [63]

Ti4N3Tx 2850 Er:Lu2O3 278.4 113.7 778 6.84 24.57 10.5% [34]

hybrid
Ti3C2(OH)2/

Ti3C2F2

1064 Nd:YVO4 130 508 620 0.6 4.35 12.2% [35]

1340 Nd:YVO4 390 195 480 2.45 6.25 18.1% [35]

Ti2CTx 1064 Nd:YAG 163 260 946 3.638 22.32 21% This work

λ, wavelength; τ, pulse duration; F, repetition frequency; P, average output power; ESP, single pulse energy; PP, peak power; ε, optical
conversion efficiency; TIs, Topological Insulators; TMDs, Transition-metal sulfides.

4. Conclusions

In summary, based on the nonlinear optical effect of two-dimensional material Ti2CTx,
we applied the few-layer Ti2CTx as a new saturable absorber in Nd:YAG solid-state laser
to obtain a stable Q-switched pulse output with a central wavelength of 1064 nm. By in-
creasing the pump power from 1.5 W to 4.5 W, the pulse duration decreased from 600 ns
to 163 ns, while the corresponding repetition rate, single pulse energy, and pulse peak
power are all increasing (90–260 kHz, 2.0−3.638 µJ, 3–22.3 W). With the nonlinear optical
properties (∆T: ~4.5%, Isat: ~32.02 GW/cm2), the Ti2CTx two-dimensional material is
expected to be a new saturable absorber for generating stable solid-state Q-switched lasers
in 1.06 µm.

Author Contributions: Q.W. and G.L. conceived the project and designed the experiments. H.H.
and J.W. performed the experiments. N.X. performed the Z-scan experiments. S.L. provided the
materials. All authors analyzed the data and discussed the experimental plans. H.H. and J.W. wrote
the manuscript and all authors commented and revised it. Q.W. supervised the whole project. H.H.
and J.W. contributed equally to this work. All authors have read and agreed to the published version
of the manuscript.

Funding: This research was partly funded by the Science and Technology Innovation Commission of
Shenzhen Municipality (SGDX20190919094803949, JCYJ20200109105810074 and JCYJ20170412111625378).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.



Polymers 2021, 13, 247 10 of 12

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: We deeply appreciate Han Zhang’s research team for providing Z-scan mea-
surement equipment.

Conflicts of Interest: The authors declare that they have no known competing financial interests or
personal relationships that could have appeared to influence the work reported in this paper.

References
1. Naguib, M.; Kurtoglu, M.; Presser, V.; Lu, J.; Niu, J.J.; Heon, M.; Hultman, L.; Gogotsi, Y.; Barsoum, M.W. Two-dimensional

nanocrystals produced by exfoliation of Ti3AlC2. Adv. Mater. 2011, 23, 4248–4253. [CrossRef]
2. Hantanasirisakul, K.; Zhao, M.Q.; Urbankowski, P.; Halim, J.; Anasori, B.; Kota, S.; Ren, C.E.; Barsoum, M.W.; Gogotsi, Y.

Fabrication of Ti3C2Tx MXene transparent thin films with tunable optoelectronic properties. Adv. Electron. Mater. 2016, 2,
160050–160057. [CrossRef]

3. Jiang, X.T.; Liu, S.X.; Liang, W.Y.; Luo, S.J.; He, Z.L.; Ge, Y.Q.; Wang, H.D.; Cao, R.; Zhang, F.; Wen, Q.; et al. Broadband nonlinear
photonics in few-layer MXene Ti3C2Tx (T=F, O, or OH). Laser Photon. Rev. 2018, 12, 1700229–1700239. [CrossRef]

4. Feng, A.; Hou, T.; Jia, Z.; Zhang, Y.; Zhang, F.; Wu, G. Preparation and characterization of epoxy resin filled with Ti3C2Tx MXene
nanosheets with excellent electric conductivity. Nanomaterials 2020, 10, 162. [CrossRef] [PubMed]

5. Lipatov, A.; Alhabeb, M.; Lukatskaya, M.R.; Boson, A.; Gogotsi, Y.; Sinitskii, A. Effect of synthesis on quality, electronic properties
and environmental stability of individual monolayer Ti3C2 MXene flakes. Adv. Electron. Mater. 2016, 2, 1600255–1600264.
[CrossRef]

6. Li, N.; Xie, Y.; Peng, S.T.; Xiong, X.; Han, K. Ultra-lightweight Ti3C2Tx MXene modified separator for Li-S batteries: Thickness
regulation enabled polysulfide inhibition and lithium ion transportation. J. Energy Chem. 2020, 42, 116–125. [CrossRef]

7. Rao, Q.S.; Liao, S.Y.; Huang, X.-W.; Li, Y.-Z.; Liu, Y.-D.; Min, Y.-G. Assembly of MXene/PP separator and its enhancement for
Ni-Rich LiNi0.8Co0.1Mn0.1O2 electrochemical performance. Polymers 2020, 12, 2192. [CrossRef]

8. Zhang, H.; Wang, Z.; Zhang, Q.; Wang, F.; Liu, Y. Ti3C2 MXenes nanosheets catalyzed highly efficient electrogenerated chemilu-
minescence biosensor for the detection of exosomes. Biosens. Bioelectron. 2019, 124, 184–190. [CrossRef]

9. Xu, Y.; Ang, Y.S.; Wu, L.; Ang, L.K. High sensitivity surface plasmon resonance sensor based on two-dimensional MXene and
transition metal dichalcogenide: A theoretical study. Nanomaterials 2019, 9, 165. [CrossRef]

10. Feng, T.C.; Li, X.H.; Guo, P.L.; Zhang, Y.; Liu, J.S.; Zhang, H. MXene: Two dimensional inorganic compounds, for generation of
bound state soliton pulses in nonlinear optical system. Nanophotonics 2020, 9, 2505–2513. [CrossRef]

11. Adelman, M.R.; Tsai, L.J.; Tangchitnob, E.P.; Kahn, B.S. Laser technology and applications in gynaecology. J. Obstet. Gynaecol.
2013, 33, 225–231. [CrossRef] [PubMed]

12. Barnes, N.P. Remote sensing of planet earth challenges for solid-state lasers. Laser Phys. 1998, 8, 25–28.
13. Chen, Y.F.; Lee, C.C.; Hsiao, J.Q.; Huang, H.Y.; Tsou, C.H.; Liang, H.C.; Huang, K.F. Exploiting a monolithic passively Q-switched

Nd:YAG laser to mimic a single neuron cell under periodic stimulation. Opt. Lett. 2020, 45, 4032–4035. [CrossRef] [PubMed]
14. Phuoc, T.X. Laser-induced spark ignition fundamental and applications. Opt. Laser Eng. 2006, 44, 351–397. [CrossRef]
15. Zayhowski, J.J. Passively Q-switched Nd:YAG microchip lasers and applications. J. Alloys. Compd. 2000, 303, 393–400. [CrossRef]
16. Luo, H.; Tang, D.Y.; Xie, G.Q.; Tan, W.D.; Zhang, H.J.; Yu, H.H. Diode-pumped passively mode-locked Nd:CLNGG laser. Opt.

Commun. 2009, 282, 291–293. [CrossRef]
17. Miao, J.G.; Wang, B.S.; Peng, J.Y.; Tan, H.M.; Bian, H.K. Efficient diode-pumped passively Q-switched laser with Nd:YAG/Cr:YAG

composite crystal. Opt. Laser Technol. 2008, 40, 137–141. [CrossRef]
18. Sulc, J.; Jelinkova, H.; Nejezchleb, K.; Skoda, V. Nd: YAG/V: YAG monolithic microchip laser operating at 1.3 µm. Opt. Mater.

2007, 30, 50–53. [CrossRef]
19. Pavel, N.; Saikawa, J.; Kurimura, S.; Taira, T. High average power diode end-pumped composite Nd: YAG laser passively

Q-switched by Cr4+:YAG saturable absorber. Jpn. J. Appl. Phys. 2001, 40, 1253–1259. [CrossRef]
20. Sun, Z.P.; Martinez, A.; Wang, F. Optical modulators with 2D layered materials. Nat. Photonics 2016, 10, 227–238. [CrossRef]
21. Xu, J.L.; Li, X.L.; Wu, Y.Z.; Hao, X.P.; He, J.L.; Yang, K.J. Graphene saturable absorber mirror for ultra-fast-pulse solid-state laser.

Opt. Lett. 2011, 36, 1948–1950. [CrossRef]
22. Zhang, H.; Lu, S.B.; Zheng, J.; Du, J.; Wen, S.C.; Tang, D.Y.; Loh, K.P. Molybdenum disulfide (MoS2) as a broadband saturable

absorber for ultra-fast photonics. Opt. Express 2014, 22, 7249–7260. [CrossRef] [PubMed]
23. Liu, H.; Sun, Z.; Wang, X.; Wang, Y.G.; Cheng, G.H. Several nanosecond Nd:YVO4 lasers Q-switched by two dimensional

materials: Tungsten disulfide, molybdenum disulfide, and black phosphorous. Opt. Express 2017, 25, 6244–6252. [CrossRef]
[PubMed]

24. Tang, P.H.; Zhang, X.Q.; Zhao, C.J.; Wang, Y.; Zhang, H.; Shen, D.Y.; Wen, S.C.; Tang, D.Y.; Fan, D.Y. Topological insulator: Bi2Te3
saturable absorber for the passive Q-Switching operation of an in-band pumped 1645-nm Er:YAG ceramic laser. IEEE Photonics J.
2013, 5, 1500707–1500715. [CrossRef]

25. Ma, J.; Lu, S.; Guo, Z.; Xu, X.; Zhang, H.; Tang, D.; Fan, D. Few-layer black phosphorus based saturable absorber mirror for
pulsed solid-state lasers. Opt. Express. 2015, 23, 22643–22648. [CrossRef]

http://doi.org/10.1002/adma.201102306
http://doi.org/10.1002/aelm.201600050
http://doi.org/10.1002/lpor.201700229
http://doi.org/10.3390/nano10010162
http://www.ncbi.nlm.nih.gov/pubmed/31963459
http://doi.org/10.1002/aelm.201600255
http://doi.org/10.1016/j.jechem.2019.06.014
http://doi.org/10.3390/polym12102192
http://doi.org/10.1016/j.bios.2018.10.016
http://doi.org/10.3390/nano9020165
http://doi.org/10.1515/nanoph-2020-0011
http://doi.org/10.3109/01443615.2012.747495
http://www.ncbi.nlm.nih.gov/pubmed/23550847
http://doi.org/10.1364/OL.399253
http://www.ncbi.nlm.nih.gov/pubmed/32667347
http://doi.org/10.1016/j.optlaseng.2005.03.008
http://doi.org/10.1016/S0925-8388(00)00647-2
http://doi.org/10.1016/j.optcom.2008.09.082
http://doi.org/10.1016/j.optlastec.2007.03.003
http://doi.org/10.1016/j.optmat.2006.10.026
http://doi.org/10.1143/JJAP.40.1253
http://doi.org/10.1038/nphoton.2016.15
http://doi.org/10.1364/OL.36.001948
http://doi.org/10.1364/OE.22.007249
http://www.ncbi.nlm.nih.gov/pubmed/24664073
http://doi.org/10.1364/OE.25.006244
http://www.ncbi.nlm.nih.gov/pubmed/28380977
http://doi.org/10.1109/JPHOT.2013.2250494
http://doi.org/10.1364/OE.23.022643


Polymers 2021, 13, 247 11 of 12

26. Wang, J.; Wang, Y.G.; Chen, Z.D.; Yang, X.G.; Lv, R.D. CH3NH3PbI3 perovskite thin films as a saturable absorber for a passively
Q-switched Nd:YAG laser. J. Mater. Chem. C 2019, 7, 5047–5050. [CrossRef]

27. Wen, Q.; Zhang, X.J.; Wang, Y.G.; Wang, Y.S.; Niu, H.B. Passively Q-switched Nd:YAG laser with graphene oxide in heavy water.
IEEE Photonics J. 2014, 6, 1500706–1500713. [CrossRef]

28. Tang, C.Y.; Cheng, P.K.; Tao, L.; Long, H.; Zeng, L.H.; Wen, Q.; Tsang, Y.H. Passively Q-switched Nd: YVO4 laser using WS2
saturable absorber fabricated by radio frequency magnetron sputtering deposition. J. Lightwave Technol. 2017, 35, 4120–4124.
[CrossRef]

29. Xu, N.; Li, H.B.; Gan, Y.Y.; Chen, H.L.; Li, W.J.; Zhang, F.; Jiang, X.T.; Shi, Y.H.; Liu, J.F.; Wen, Q.; et al. Zero-dimensional
MXene-based optical devices for ultrafast and ultranarrow photonics applications. Adv. Sci. 2020, 7, 2002209–2002221. [CrossRef]

30. Sun, X.; Zhang, B.; Yan, B.; Li, G.; Nie, H.; Yang, K.; Zhang, C.; He, J. Few-layer Ti3C2Tx (T = O, OH, or F) saturable absorber for a
femtosecond bulk laser. Opt. Lett. 2018, 43, 3862–3865. [CrossRef]

31. Li, J.; Zhang, Z.L.; Du, L.; Miao, L.L.; Yi, J.; Huang, B.; Zou, Y.H.; Zhao, C.J.; Wen, S.C. Highly stable femtosecond pulse generation
from a MXene Ti3C2Tx (T = F, O, or OH) mode-locked fiber laser. Photonics Res. 2019, 7, 260–264. [CrossRef]

32. Jiang, X.T.; Li, W.J.; Hai, T.; Yue, R.; Chen, Z.W.; Lao, C.S.; Ge, Y.Q.; Xie, G.Q.; Wen, Q.; Zhang, H. Inkjet-printed MXene micro-scale
devices for integrated broadband ultrafast photonics. NPJ 2D Mater. Appl. 2019, 3, 1–9. [CrossRef]

33. Jhon, Y.I.; Koo, J.; Anasori, B.; Seo, M.; Lee, J.H.; Gogotsi, Y.; Jhon, Y.M. Metallic MXene saturable absorber for femtosecond
mode-locked lasers. Adv. Mater. 2017, 29, 1702496–1702504. [CrossRef] [PubMed]

34. Huang, W.C.; Ma, C.Y.; Li, C.; Zhang, Y.; Hu, L.P.; Chen, T.T.; Tang, Y.F.; Ju, J.F.; Zhang, H. Highly stable MXene (V2CTx)-based
harmonic pulse generation. Nanophotonics 2020, 9, 2577–2585. [CrossRef]

35. Li, G.Q.; Li, T.; Qiao, W.C.; Feng, T.L.; Feng, C.Y.; Zhao, J.; Li, G.Q.; Zhao, S.Z. Passively Q-switched Er:Lu2O3 laser with MXene
material Ti4N3Tx (T = F, O, or OH) as a saturable absorber. Opt. Lett. 2020, 45, 4256–4259. [CrossRef] [PubMed]

36. Cao, L.; Chu, H.; Pan, H.; Wang, R.; Li, Y.; Zhao, S.; Li, D.; Zhang, H.; Li, D. Nonlinear optical absorption features in few-layered
hybrid Ti3C2(OH)2/Ti3C2F2 MXene for optical pulse generation in the NIR region. Opt. Express. 2020, 28, 31499–31509. [CrossRef]
[PubMed]

37. Yi, J.; Du, L.; Li, J.; Yang, L.L.; Hu, L.Y.; Huang, S.H.; Dong, Y.C.; Miao, L.L.; Wen, S.C.; Mochalin, V.N.; et al. Unleashing the
potential of Ti2CTx MXene as a pulse modulator for mid-infrared fiber lasers. 2D Mater. 2019, 6, 045038–045048. [CrossRef]

38. Shi, Y.H.; Xu, N.; Wen, Q. Ti2CTx (T=O, OH or F) nanosheets as new broadband saturable absorber for ultrafast photonics.
J. Lightwave Technol. 2020, 38, 1975–1980. [CrossRef]

39. Sun, Y.J.; Lee, C.K.; Xu, J.L.; Zhu, Z.J.; Wang, Y.Q.; Gao, S.F.; Xia, H.P.; You, Z.Y.; Tu, C.Y. Passively Q-switched tri-wavelength
Yb3+:GdAl3(BO3)4 solid-state laser with topological insulator Bi2Te3 as saturable absorber. Photonics Res. 2015, 3, A97–A101.
[CrossRef]

40. Li, H.P.; Li, X.R.; Liang, J.J.; Chen, Y.S. Hydrous RuO2-decorated MXene coordinating with silver nanowire inks enabling
fully printed micro-supercapacitors with extraordinary volumetric performance. Adv. Energy Mater. 2019, 9, 1803987–1804000.
[CrossRef]

41. Liu, G.Z.; Shen, J.; Ji, Y.F.; Liu, Q.; Liu, G.P.; Yang, J.; Jin, W.Q. Two-dimensional Ti2CTx MXene membranes with integrated and
ordered nanochannels for efficient solvent dehydration. J. Mater. Chem. A. 2019, 7, 12095–12104. [CrossRef]

42. Ang, Y.S.; Sultan, S.; Zhang, C. Nonlinear optical spectrum of bilayer graphene in the terahertz regime. Appl. Phys. Lett. 2010, 97,
243110–243114. [CrossRef]

43. Shareef, S.; Ang, Y.S.; Zhang, C. Room-temperature strong terahertz photon mixing in graphene. J. Opt. Soc. Am. B 2012, 29,
274–279. [CrossRef]

44. Belanger, P.A. Beam propagation and the ABCD ray matrices. Opt. Lett. 1991, 16, 196–198. [CrossRef] [PubMed]
45. Degnan, J.J. Theory of optimally coupled Q-switched laser. IEEE J. Quantum Electron. 1989, 25, 214–220. [CrossRef]
46. Zayhowski, J.J. Microchip lasers. Opt. Mater. 1999, 11, 255–267. [CrossRef]
47. Nakazawa, M.; Nakahara, S.; Hirooka, T.; Yoshida, M. Polymer saturable absorber materials in the 1.5 µm band using poly-

methyl-methacrylate and polystyrene with single-wall carbon nanotubes and their application to a femtosecond laser. Opt. Lett.
2006, 31, 915–917. [CrossRef]

48. Ng, E.K.; Lau, K.Y.; Lee, H.K.; Abu Bakar, M.H.; Kamil, Y.M.; Omar, M.F.; Mahdi, M.A. Saturable absorber incorporating graphene
oxide polymer composite through dip coating for mode-locked fiber laser. Opt. Mater. 2020, 100, 109619–109627. [CrossRef]

49. Martinez, A.; Al Araimi, M.; Dmitriev, A.; Lutsyk, P.; Li, S.; Mou, C.; Rozhin, A.; Sumetsky, M.; Turitsyn, S. Low-loss saturable
absorbers based on tapered fibers embedded in carbon nanotube/polymer composites. APL Photonics 2017, 2, 126103–126113.
[CrossRef]

50. Wang, Y.G.; Chen, H.R.; Wen, X.M.; Hsieh, W.F.; Tang, J. A highly efficient graphene oxide absorber for Q-switched Nd:GdVO4
lasers. Nanotechnology 2011, 22, 455203–455207. [CrossRef]

51. Zhang, R.; Zhang, Y.; Yu, H.; Zhang, H.; Yang, R.; Yang, B.; Liu, Z.; Wang, J. Broadband black phosphorus optical modulator in
the spectral range from visible to mid-infrared. Adv. Opt. Mater. 2015, 3, 1787–1792. [CrossRef]

52. Li, P.X.; Zhang, G.J.; Zhang, H.; Zhao, C.J.; Chi, J.J.; Zhao, Z.Q.; Yang, C.; Hu, H.W.; Yao, Y.F. Q-Switched Mode-locked Nd:YVO4
laser by topological insulator Bi2Te3 saturable absorber. IEEE Photonics Technol. Lett. 2014, 26, 1912–1915. [CrossRef]

53. Yu, H.; Zhang, H.; Wang, Y.; Zhao, C.; Wang, B.; Wen, S.; Zhang, H.; Wang, J. Topological insulator as an optical modulator for
pulsed solid-state lasers. Laser Photon. Rev. 2013, 7, L77–L83. [CrossRef]

http://doi.org/10.1039/C9TC00139E
http://doi.org/10.1109/JPHOT.2014.2309631
http://doi.org/10.1109/JLT.2017.2726138
http://doi.org/10.1002/advs.202002209
http://doi.org/10.1364/OL.43.003862
http://doi.org/10.1364/PRJ.7.000260
http://doi.org/10.1038/s41699-019-0117-3
http://doi.org/10.1002/adma.201702496
http://www.ncbi.nlm.nih.gov/pubmed/28714145
http://doi.org/10.1515/nanoph-2020-0134
http://doi.org/10.1364/OL.399317
http://www.ncbi.nlm.nih.gov/pubmed/32735274
http://doi.org/10.1364/OE.406035
http://www.ncbi.nlm.nih.gov/pubmed/33115122
http://doi.org/10.1088/2053-1583/ab39bc
http://doi.org/10.1109/JLT.2020.2973805
http://doi.org/10.1364/PRJ.3.000A97
http://doi.org/10.1002/aenm.201803987
http://doi.org/10.1039/C9TA01507H
http://doi.org/10.1063/1.3527934
http://doi.org/10.1364/JOSAB.29.000274
http://doi.org/10.1364/OL.16.000196
http://www.ncbi.nlm.nih.gov/pubmed/19773880
http://doi.org/10.1109/3.16265
http://doi.org/10.1016/S0925-3467(98)00048-2
http://doi.org/10.1364/OL.31.000915
http://doi.org/10.1016/j.optmat.2019.109619
http://doi.org/10.1063/1.4996918
http://doi.org/10.1088/0957-4484/22/45/455203
http://doi.org/10.1002/adom.201500298
http://doi.org/10.1109/LPT.2014.2341832
http://doi.org/10.1002/lpor.201300084


Polymers 2021, 13, 247 12 of 12

54. Su, X.; Zhang, B.; Wang, Y.; He, G.; Li, G.; Lin, N.; Yang, K.; He, J.; Liu, S. Broadband rhenium disulfide optical modulator for
solid-state lasers. Photonics Res. 2018, 6, 498–505. [CrossRef]

55. Wang, S.; Yu, H.; Zhang, H.; Wang, A.; Zhao, M.; Chen, Y.; Mei, L.; Wang, J. Broadband few-layer MoS2 saturable absorbers.
Adv. Mater. 2014, 26, 3538–3544. [CrossRef]

56. Yang, Q.; Zhang, F.; Zhang, N.Y.; Zhang, H. Few-layer MXene Ti3C2Tx (T = F, O, or OH) saturable absorber for visible bulk laser.
Opt. Mater. Express. 2019, 9, 1795–1802. [CrossRef]

57. Zhao, M.F.; Zhang, Z.M.; Feng, X.Y.; Zong, M.Y.; Liu, J.; Xu, X.D.; Zhang, H. High repetition rate passively Q-switched laser on
Nd:SRA at 1049 nm with MXene Ti3C2Tx. Chin. Opt. Lett. 2020, 18, 041401–041405. [CrossRef]

58. Feng, X.Y.; Ding, B.Y.; Liang, W.Y.; Zhang, F.; Ning, T.Y.; Liu, J.; Zhang, H. MXene Ti3C2Tx absorber for a 1.06 µm passively
Q-switched ceramic laser. Laser Phys. Lett. 2018, 15, 085805–085811. [CrossRef]

59. Wang, C.; Peng, Q.Q.; Fan, X.W.; Liang, W.Y.; Zhang, F.; Liu, J.; Zhang, H. MXene Ti3C2Tx saturable absorber for pulsed laser at
1.3 µm. Chin. Phys. B 2018, 27, 094214–094219. [CrossRef]

60. Zhang, C.; Zhang, F.; Fan, X.W.; Yang, J.M.; Liu, J.; Zhang, H. Passively Q-switched operation of in-band pumped Ho:YLF based
on Ti3C2Tx MXene. Infrared Phys. Technol. 2019, 103, 103076–103082. [CrossRef]

61. Hao, Q.Q.; Liu, J.J.; Zhang, Z.; Zhang, B.; Zhang, F.; Yang, J.M.; Liu, J.; Su, L.B.; Zhang, H. Mid-infrared Er:CaF2-SrF2 bulk laser
Q-switched by MXene Ti3C2Tx absorber. Appl. Phys. Express. 2019, 12, 085506–085511. [CrossRef]

62. Fan, X.W.; Nie, H.K.; Zhao, S.; Xin, H.M. MXene saturable absorber for nanosecond pulse generation in a mid-infrared Ho,Pr:LLF
bulk laser. Opt. Mater. Express. 2019, 9, 3977–3984. [CrossRef]

63. Wang, J.; Liu, S.; Wang, Y.; Wang, T.; Shang, S.; Ren, W. Magnetron-sputtering deposited molybdenum carbide MXene thin films
as a saturable absorber for passively Q-switched lasers. J. Mater. Chem. C 2020, 8, 1608–1613. [CrossRef]

http://doi.org/10.1364/PRJ.6.000498
http://doi.org/10.1002/adma.201306322
http://doi.org/10.1364/OME.9.001795
http://doi.org/10.3788/COL202018.041401
http://doi.org/10.1088/1612-202X/aac91d
http://doi.org/10.1088/1674-1056/27/9/094214
http://doi.org/10.1016/j.infrared.2019.103076
http://doi.org/10.7567/1882-0786/ab31b9
http://doi.org/10.1364/OME.9.003977
http://doi.org/10.1039/C9TC06117G

	Introduction 
	Experimental 
	Fabrication of Ti2CTx-SAs 
	Characterization of Ti2CTx-SAs 
	Q-Switched Solid-State Lasers with Ti2CTx-SAs 

	Results and Discussion 
	Conclusions 
	References

