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ABSTRACT: The diverse family of two-dimensional (2D)
carbides, nitrides, and carbonitrides of early transition metals
called “MXenes” has been quickly growing, exhibiting excellent
optical, electronic, and mechanical properties. Recently, many
attractive characteristics of MXenes have been demonstrated,
including plasmonic behavior, optical nonlinearities, and highly
efficient photothermal conversion, enabling their successful
utilization in a variety of optical and optoelectronic devices. In
this article, we provide an overview of selected optical phenomena
and related device applications of MXenes, such as plasmonics,
photothermal effects, ultrafast optics, and nonlinear optics. We also
provide a perspective on future research directions for realizing the
full potential of MXenes for photonic applications. With the
versatility of available compositions and their exceptional optical
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properties, MXenes have the potential to facilitate development of many novel tunable nanophotonic devices.
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B INTRODUCTION

The discovery of graphene has resulted in the emergence of a
plethora of two-dimensional (2D) materials that exhibit unique
electrical and optical properties, enabling new atomically thin
devices for energy storage, electronic, and photonic applica-
tions.'~* In 2011, Naguib et al. reported the first synthesis of
Ti;C, nanosheets, introducing a new family of 2D materials
known as MXenes to the world.” In contrast to the majority of
2D materials, which are typically semiconductors or insulators,
MXenes have very high carrier concentrations comparable to
bulk metals, expanding the realm of applications for 2D
materials.”” The discovery of MXenes led to the exploration of
a novel class of 2D materials with high but tunable metallic
conductivity, chemical stability, and mechanical robustness.
MXenes have the general chemical formula M, X, T,, where
M represents an early transition metal, X is carbon or nitrogen,
n=1—4, and T stands for surface terminations (Figure 1). One
can look at them as 2 to S layers of transition metals, such as
Ti, Nb, V, etc,, bonded by 1—4 layers of carbon and/or
nitrogen and terminated by OH, O, F, and other halogens or
chalcogens. Since carbides are much better studied than
nitrides or carbonitrides, this Perspective will focus on carbide
MXenes. Typically, MXenes are synthesized by a top-down
method starting with a MAX (layered carbides and nitrides
with general formula M, ;AX,, where M represents an early
transition metal, A is usually Al or Si, X is carbon or nitrogen, n
= 1—4) phase or another layered precursor, followed by
selective etching of the A element from the MAX phase.’
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Meanwhile, bottom-up methods, such as chemical vapor
deposition, have also been utilized to synthesize ultrathin
high-quality MXene crystals, such as Mo,C.” With the
advancement in processing techniques and a variety of existing
MAX phases, the family of MXenes has been quickly
expanding.

With over 30 stoichiometric varieties of MXenes reported
and multiple solid solutions and high-entropy compositions,
the diverse family of MXenes provides unprecedented
tunability of compositions and properties, and a wide range
of optical phenomena (Figure 2). On the basis of their versatile
surface groups and high conductivity, various promising
applications with MXenes have been demonstrated includin:
energy storage,10 electromagnetic interference shielding,1
electrocatalysis,'> and optoelectronics.'> Moreover, due to
their exceptional optical properties and unique tunability,
MXenes are an extremely attractive material platform for
realizing numerous novel photonic devices ranging from
saturable absorbers for ultrafast lasers to surface enhanced
Raman spectroscopy (SERS) substrates. Here, we discuss the
recent progress in implementing MXenes for photonic
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Figure 1. Schematic illustration of MXenes structure. Carbide MXenes with 3, S, 7, and 9 atomic layers are represented as M,C, M;C,, M,C;, and
M;C,, respectively, where M is transition metal, C is carbon. Surface terminations are not shown.
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Figure 2. Optical properties of representative MXenes in the UV—
vis—NIR range. (a—i) Digital photographs of MXene colloidal
dispersions (20 mL) and corresponding free-standing films fabricated
by vacuum filtration for (a) Ti,C, (b) TisC,, (c) Nb,C, (d) Nb,C,,
(e) VoG, (f) Mo,C, (g) Mo,TiC,, (h) Mo,Ti,Cs, and (i) Ta,Cs.
Qualitative description of colors in solution/films, respectively, as
follows. Ti,C: dark purple/green; Ti;C,: forest green/dark purple;
Nb,C: blue/golden yellow; Nb,C;: gray-brown/gray-black; V,C:
green-blue/bronze; Mo,C: brown/silver; Mo,TiC,: orange-brown/
light blue-silver; Mo, Ti,Cs: gray/dark green-gray; and Ta,Cj: brown/
silver-gray. All MXene solutions are dispersed in deionized water with
concentrations ranging between 0.01—0.05 mg mL™'. The MXene
film diameters are 4 cm. (j) UV—vis—NIR optical extinction
properties of 2D transition metal carbides. Wavelength-dependent
extinction coefficient for each MXene calculated by determining the
extinction coefficient at each wavelength from 200 to 1000 nm (hv =
6.2—1.2 €V). Reproduced with permission.'® Copyright 2020, Wiley-
VCH.
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applications, including plasmonic devices, photothermal
effects, and ultrafast and nonlinear optics. Finally, we provide
an outlook for challenges and approaches regarding future
research to further explore the optical properties and
applications of MXenes.

B PLASMONIC PROPERTIES

While noble metals have long been the primary choice for
plasmonics,'* plasmonic materials like transition metal nitrides
and transparent conducting oxides exhibit §reat tunability and
mechanical durability unlike noble metals.">'® Similarly, stable
and robust MXenes, which are known to have high carrier
concentrations as well as highly tunable optical properties
(Figure 3), have gained strong interest for easy-to-fabricate
plasmonic devices. The most commonly studied MXene,
TiyC,T,, exhibits intense surface plasmons (SPs) at energies as
low as 0.3 eV.'” As shown in Figure 3a, electron energy loss
spectroscopy (EELS) investigation of local surface plasmon
modes of Ti;C,T, identified six distinct features at 0.44, 0.66,
0.8,0.95, 1.7, and 3.5 eV.'® The one at 1.7 eV was attributed to
a transverse SP mode, and the 3.5 eV was assigned to an
interband transition. In addition, the tunable response of the
transverse SP mode was demonstrated via in situ annealing to
reduce the —F surface groups. The induced desorption of —F
group increases the free electron density noticeably and leads
to a blue shift of the SP mode. Due to the strong, tunable SPs
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that can be excited in the near to mid infrared range, MXenes
are promising candidates for plasmonic applications.

Chaudhuri et al. provided the first demonstration of an
MXene based plasmonic broadband absorber by taking
advantage of the large intrinsic optical absorption and localized
surface plasmon resonances of nanostructured Ti;C,T,. The
Ti3C,T, nanodisk array fabricated on Au/Al,O; showed a high
absorption (85—90%) over a broad wavelength range from
400—1550 nm as shown in Figure 3b.*’ A polarization- and
angle-independent broadband plasmonic absorber has also
been fabricated by randomly distributing Au nanoparticles on a
MXene/PMMA film.”' The easy to fabricate metal—insulator—
metal structure showed 99% absorption in the wavelength
range of 300—1800 nm. These initial demonstrations of highly
broadband plasmonic absorbers with MXenes opens a new
door for future applications such as energy harvesting for
photovoltaic devices and photothermal conversion.

Owing to the strong tunability of their SPs and hydrophilic,
negatively charged surfaces, MXenes have also found
applications as SERS substrates with enhancement factors
(EF) of up to 10°% Spray-coated Ti;C,T, demonstrated a
significant increase in the EF for detecting Rhodamine 6G with
a concentration of 1077 M, caused by the physisorption of the
dye molecules on the MXene surface (Figure 3c).””
Experimental and numerical calculations for the thickness-
dependent SERS revealed that the EF increases in thicker films
due to the collective SERS enhancement in all of the individual
layers of Ti;C,T, dominated by charge transfer (Figure 3d).”
By combining both electromagnetic and chemical enhance-
ment mechanisms, remarkable Raman signal enhancement can
be achieved with MXenes. Ti;C,T, is just one material in the
growing MXenes family along with Nb,C and Ta,C, which also
exhibit remarkable SERS performance.”* As synthesis
processes mature and more MXenes are experimentally
realized, further improvements in using MXenes as SERS
substrates is expected through careful control and tuning of the
material properties. Considering the large number of
compositions and properties possible, MXenes show tremen-
dous potential as SERS substrates for biomedical imaging and
high-sensitivity environmental analysis.

With their high transmissivity and conductivity, MXenes
have emerged as a promising candidate for transparent
electrodes of photodetectors. Additionally, the SPs supported
by MXenes can enlarge the photocurrent via SP assisted hot
electron generation. Photodetectors fabricated from four
different MXenes, Mo,CT,, Ti;C,T,, Ti,CT,, and V,CT,,
were investigated, with Mo,CT, showing the best perform-
ance.”® The Mo,CT, photodetector exhibited a broadband
efficient photocurrent in the visible range (400—800 nm), as
shown in Figure 3e. Under 660 nm laser illumination, Mo,CT,,
achieved a large photoresponsivity of 9 A W' due to the
transversal SP mode at 2.45 eV that enhances the photocurrent
generation at visible wavelengths. Mo,CT, thin films also
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Figure 3. Plasmonic properties and applications of MXenes. (a) EELS analysis of a nanoflake of Ti;C,T,. Reproduced with permission."® Copyright
2018, American Chemical Society. (b) Improvement of absorption spectra of patterned Ti;C,T, film. Reproduced with permission.”® Copyright
2018, American Chemical Society. (c) A schematic of SERS substrate made from TiyC,T,. Reproduced with permission.”> Copyright 2017,
American Chemical Society. (d) Raman EF contributed by TiyC,T, vs thickness for 532 and 633 lasers. Reproduced with permission.”®> Copyright
2020, American Chemical Society. (e) Wavelength-dependent photoresponse of Mo,CT, films. Reproduced with permission.25 Copyright 2019,
Wiley-VCH. (f) Spectral photocurrent curves from MoS, photodetector devices with and without MXene hybrid. Reproduced with permission.”®
Copyright 2019, Wiley-VCH.
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Figure 4. Photothermal properties and apg)lications of MXenes. (a) Temperature profile of a Ti;C,T, droplet illuminated by different laser
wavelengths. Reproduced with permission.”’ Copyright 2017, American Chemical Society. (b) Schematic of synthesis and implementation of
Ta,C; composite nanosheets for tumor imaging and ablation. Reproduced with permission.*” Copyright 2017, American Chemical Society. (c)
Water evaporation rates, solar steam efficiency, and (d) IR thermal images of water, MXene/cellulose, and rGO/cellulose membranes under the
solar illumination of 1 sun. Reproduced with permission.** Copyright 2019, American Chemical Society.

showed chemical and mechanical stability, allowing successful photodetector performance. The hybrid structure of MoS,/
fabrication of high-performance plasmonic photodetection Mo,CT, has a broad spectral detection as well as high
devices. MXenes can also be integrated with other 2D photoresponsivity larger than 10> A W' over 400—1300 nm
materials such as MoS,”® and graphene’” to enhance the (Figure 3f).”° An InSe photodetector with plasmonic Ti,CT,
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Figure 5. Ultrafast dynamics of MXenes. (a) Transmission, reflection and obtained absorption transients for $20, 700, 1020, and 1320 nm.
Reproduced with permission.*' Copyright 2020, American Chemical Society. (b) A schematic of pump—probe spectroscopy of MXenes and
transient spectra under different pump excitation. Reproduced with permission.** Copyright 2020, American Chemical Society. (c) Ultrafast TA
spectra of Nb,CT,. Reproduced with permission.** Copyright 2020, Wiley-VCH. (d) Open aperture Z-scan results of Nb,CT, at 1200 nm.
Reproduced with permission.*> Copyright 2020, American Chemical Society.

grating electrodes had a highly improved responsivity (10° A
W) and detectivity.”® MXenes with high conductivity and
intense surface plasmons can be directly used as active
materials in nanophotonic devices as well as electrodes to
enhance their overall performance.

B PHOTOTHERMAL EFFECTS

Photothermal materials that efficiently convert light into
thermal energy have benefitted many technologies from solar
energy harvesting™ to cancer therapy.’® MXenes exhibit a high
extinction coefficient, indicating their excellent light-to-heat
conversion properties. While all possible mechanisms of
interactions of MXenes with electromagnetic waves are not
fully understood, the photothermal effect in metallic MXenes
like Ti;C,T, has been attributed to SP resonances that enhance
the absorption in the NIR. The internal light-to-heat
conversion efficiency of Ti;C,T, was measured to approach
100%, while the light to water evaporation efficiency was
measured to be 84%.”" A sudden temperature rise of over 10
°C was observed in a droplet of 0.1 mg/mL Ti;C,T, solution
as soon as a laser was shone on it, indicating immediate heat
convection in the droplet (Figure 4a). Combining the
plasmonic properties of silver nanoparticles and the photo-
thermal effects of MXenes has facilitated high photothermal
conversion. By hybridizing Ti;C,T, and silver nanoparticles in

111

polyurethane, a wearable, healable, and transparent composite
that undergoes significant temperature increases under low
irradiation was developed.”” The photothermal effect of
MXenes demonstrates the possibility of MXene-based
wearable heaters, heat barriers, and photothermal therapy.33
Leveraging the exceptional photothermal properties of
MZXenes has helped to advance technologies for water
desalination, biomedical devices, and energy harvesting.34_36
By combining their biocompatibility and excellent light to heat
conversion, Ti;C,T,,*” Nb,CT,,** and Ta,C;T,” and several
other MXenes have been useful for biomedical applications
such as photothermal cancer therapy and photoacoustic
imaging (Figure 4b). Moreover, photothermal materials have
attracted interest for an eco-friendly and sustainable technique
to generate steam from saltwater for water purification. A
flexible MXene/cellulose photothermal membrane has been
developed for solar driven water purification.*” The prepared
membrane achieved an absorption of ~94% across the UV—
vis—NIR range, resulting in a surface temperature rise to 44.7
°C in 10 min. The water evaporation rate was found to be 3
times higher than that of pure water, surpassing the
performance of reduced graphene oxide (Figure 4c, d). The
high photothermal and water evaporation efficiency of MXenes
may enable sustainable solutions for wastewater treatment.

https://doi.org/10.1021/acsphotonics.2c00040
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Figure 6. Nonlinear optical properties of MXenes and ultrafast lasers based on SA behavior of MXenes. (a) A schematic Z-scan measurement of
MXene thin film. (b) The SA behavior of Ti;C,T, vs few layer graphene as a function of increasing laser energies. (a,b) Reproduced with
permission.*® Copyright 2018, Wiley-VCH. (c) Erbium-doped mode-locked fiber laser using Ti;C,T, saturable absorber. The laser centered at
1555 nm under power of 238 mW and the duration is estimated to be 159 fs based on the autocorrelation trace fitting. Reproduced with
permission.*” Copyright 2018, Wiley-VCH. (d) Temporal pulse trains and optical spectrum of MIR fiber laser based on Ti;C,T,. Reproduced with

permission.”’ Copyright 2020, American Chemical Society.

However, stability of MXene in water at elevated temperatures
should be further increased to achieve longer operation time.

B ULTRAFAST DYNAMICS

To better apply MXenes for a myriad of photonic and
optoelectronic applications, such as laser systems, photo-
detection, and energy harvesting, a deep understanding of the
carrier dynamics in MXenes upon photoexcitation is required.
Ultrafast spectroscopy techniques have been utilized to
elucidate the dynamic processes of electrons and phonons in
MZXenes which occur at time scales on the range of
femtoseconds and picoseconds. Simultaneous ultrafast trans-
mission and reflection (SUTR) was conducted on Ti,C,T,
thin films with a pump laser at 785 nm to determine the
temporal response of the absorption, transmission, and
reflection in the wavelength ranges of 450—720 nm and
860—1350 nm.*" Depending on the probe wavelength, the
dynamics can be attributed to either interband transitions
(below 600 nm), the SP resonances (800 nm), or free
electrons (above 1000 nm), as shown in Figure Sa. The SUTR
method allows one to determine the true transient absorption,
which is conducive for advancing our understanding of optical
transitions and applications of MXenes. In a separate study, the
dependence of the ultrafast transient spectra on the excitation
wavelength was studied using pump—probe spectroscopy
(Figure Sb), with pump wavelengths of 325, 500, and 780
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nm.*” The ultrafast dynamics at the early stage were shown to
be strongly dependent on the excitation and probe wavelengths
and fluence. These studies on the ultrafast dynamics across a
range of pump and probe wavelengths have provided a more
complete picture of the underlying ultrafast processes in
MXenes. Given the excellent light to heat conversion that
MXenes provide, investigations on the ultrafast light-matter
interactions provide an important step in successfully employ-
ing MXenes in future nanophotonic and photothermal devices.

Beyond the UV—vis—IR range, MXenes also exhibit
photoinduced transient THz transparency,” which opens
possibilities for new THz devices such as optically gated
detectors and tunable EMI shielding. Moreover, Ti;C,T, is not
the only material in the MXenes family with ultrafast electron—
phonon scattering times. Nb,CT,, also shows ultrafast cooling
and recombination processes of hot carriers with a time scale
less than 3 ps, as shown in Figure 5¢.** In addition to the
ultrafast dynamic properties, Nb,CT, exhibits higher nonlinear
absorption (as showed in Figure 5d) compared to that in the
visible range, and both saturable absorption and reversible
saturable absorption phenomena were observed due to its
unique band structure near Fermi level**** The ultrafast
carrier dynamics of MXenes combined with their versatility are
extremely promising for future development of ultrafast optical
devices.
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B NONLINEAR OPTICAL PROPERTIES

When the electromagnetic field incident on a material is strong
enough, the material begins to respond nonlinearly. Highly
nonlinear materials are especially useful for many applications
including ultrafast signal processing, ultrafast lasers, and
sensing. Z-scan measurements (Figure 6a), which measure
the third order nonlinearity, show that the saturable absorber
behavior of Ti;C,T, arises from a plasmon-induced increase in
the ground state absorption at 1064 nm.** The modulation
depth and saturation fluence varies with film thickness, as
shown in Figure 6b. Moreover, a large nonlinear absorption
due to saturable absorption was achieved for the entire
wavelength range from 800 to 1800 nm. At low pulse energies,
saturable absorption results in the nonlinear response, while
multiphoton absorption begins to dominate at higher pulse
energies.”” Utilizing their exceptional nonlinear optical proper-
ties, MXenes have been widely studied for applications in
nonlinear photonics and ultrafast lasers.

Various ultrafast pulsed lasers based on MXene saturable
absorbers have been investigated at wavelengths of 1, 1.5, 2,
and 3 pum. Taking advantage of the strong saturable absorption
of Ti,C,T,, Jiang et al. fabricated an erbium-doped mode-
locked fiber laser with a pulse duration of 159 fs at a
wavelength of 1066 nm (Figure 6c), which is comparable to
commercial Er-doped femtosecond fiber laser sources.*” Wu et
al. achieved ultrashort pulses with Ti;C,T, based Er-doped
fiber lasers, where the pulse duration was 104 fs at 1550 nm by
managing the laser cavity.** Other ultrafast mode-locked lasers
were also achieved by using Ti;C,T, MXene with pulses
centered at 1065.89 nm,*” 1053.2 nm™® and tunable broadband
wavelength range from 1895 to 2050 nm.”” Moreover, Ti;C,T,
was used to generate ultrafast pulses in the mid infrared range
centered at 2788 nm with a duration of 640 ns (Figure 6d),
which is shorter than that of other 2D materials.”’ Using
randomly dispersed Ti;C,T, flakes, coherent random lasing in
the visible spectrum has also been achieved, which theoretically
can be dynamically tuned due to their saturable absorption
properties.”> These studies indicate that Ti;C,T, MXene
exhibits great potential for ultrafast photonic devices from the
visible to NIR to MIR wavelength range. Beyond Ti;C,T,
MXene, the nonlinear optical properties of other MXenes such
as Ti,CT, were also utilized for mode-locked lasers centered at
1051, 1565, and 2800 nm.>* The large nonlinear and linear
absorption coeflicient of MXenes has enabled their application
in ultrafast lasers in the NIR and MIR range.

Optical properties of MXenes allow many other attractive
applications, which have not been discussed in this Perspective.
For example, the transverse SP resonance peaks can be shifted
by 100 nm or more by applying 1 V or smaller voltage,
allowing electrochromic applications of MXenes.”* Several
MXenes, like metals, have very low emission in the IR range,
enabling IR stealth coatings and clothes that keep people warm
in winter by minimizing radiation losses.”*° Optical trans-
parency in thin films combined with high electrical
conductivity and carrier mobility, and tunable work function
allow the use of MXenes as transparent conductors for light-
emitting diodes, solar cells and other Ehotovoltaic devices,
energy harvesting/storing windows, etc.””>*

B CONCLUSIONS AND PERSPECTIVE

With their unique tunability of composition and properties and
the various MXene structures, this large family of 2D transition
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metal carbides, nitrides, and carbonitrides has been inves-
tigated for a broad range of photonic devices, including
plasmonics, light to heat conversion applications, and non-
linear optical devices. In this article, we have briefly described
the linear and nonlinear optical properties, ultrafast carrier
dynamics, and photothermal effects of MXenes. However, a
deeper understanding and exploration of MXenes' optical
properties is needed to realize their full potential in various
photonic applications.

The current synthesis strategy for MXenes mainly focuses on
top-down methods, which require the use of toxic acid etching.
This etching method introduces many termination groups to
the surface of MXenes such as —Cl, —F, =0, which affects
the plasmonic peaks of MXenes.'"” Thus, it is necessary to
pursue more environmentally friendly and controllable syn-
thesis methods. Chemical vapor deposition (CVD) has been
investigated for the synthesis of ultrathin Mo,C crystals with a
size of 100 um,” which have no termination on the surface.
Other greener techniques, such as molten salt synthesis, have
been reported recently to modify the surface termination
groups including chlorine, selenium, and sulfur, as well as to
produce bare MXenes.”” Various synthesis methods provide
additional possibilities for tuning the composition and the
optical properties of MXenes. For example, although semi-
conducting MXenes have been predicted theoretically with
direct or indirect bandgaps in many cases,” ™%
been convincing experimental demonstrations for single-layer
MZXenes. Most measurements reported so far were done on
multilayer films produced by assembly of MXene flakes. New
synthesis methods to produce large single-layer flakes with
controlled surface terminations are needed to measure intrinsic
electronic properties and verify the bandgaps of different
MXenes that have been predicted. With the achievement of
tunable bandgaps, MXenes can be further applied in other
optical and photonic devices such as single-photon emitting
devices, excitonic LEDs, and photodetectors with drastic
improvements in performance.

Despite the enormous diversity of MXenes, most optical
studies have been focused on Ti;C,T,, the first discovered,
most common, and widely studied MXene. Other MXenes,
such as solid-solution MXenes, have shown great potential for
tuning and optimization of electrochemical properties and
electromagnetic interference shielding performance.®*®® Opti-
cal experiments on solid-solution MXenes®®®” have demon-

there have not

strated their promise for tuning the plasmonic response. For
ultrafast photonics, other MXenes beyond Ti-based MXenes,
such as V,CT,, were used to generate harmonic pulse as well.%
On the basis of these results, there are many more MXenes
worth exploring to achieve tailorable nanophotonic devices.

As a new kind of 2D plasmonic metallic material with
properties tunable via the structure, composition and surface
terminations, and mechanical and chemical stability, MXenes
have exhibited immense potential for optics and photonics.
While there are still several challenges not only in their
synthesis but also in the basic understanding of MXenes,
continuous efforts toward advancing material processing
techniques and investigating their optical properties will shed
more light on their optical properties and enable new photonic
applications of MXenes.
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