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ABSTRACT: Despite the emerging interest in research and 10 O 500 0
development of Ti;CN MXene nanosheet (NS)-based optoelec- 08 g reesas 800 nn
tronic devices, there is still a lack of in-depth studies of the ¢ 062 -
underlying photophysical processes, like carrier relaxation 3|, - J o
dynamics and nonlinear photon absorption, operating in such 2| “._ 3 = -
devices, hindering their further and precise design. In this e ey | | TEX | W —
paper, we attempt to remedy the situation by fabricating few- : , , ], 2 A s
layer Ti;CN NSs via combining selective etching and molecular " * 0 (2; e O “'"Z Pos"’iﬁon ‘;"mm)ﬁ »

intercalation and by investigating the carrier relaxation

possesses and broadband nonlinear optical responses via transient absorption and Z-scan techniques. These results are
complemented by first-principle theoretical analyses of the optical properties. Both saturable absorption and reverse saturable
absorption phenomena are observed due to multiphoton absorption effects. The analysis of these results adds to the
understanding of the basic photophysical processes, which is anticipated to be beneficial for the further design of MXene-
based devices.
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ver since the exfoliation of atomically thin graphene, transition metals, more than 40 MXenes have been
E two-dimensional (2D) materials have subverted multi- experimentally developed, while hundreds of possibilities

tudinous fields due to their extraordinary properties.' In have been theoretically calculated.'®™"” However, more than
the past decade, more than 20 different kinds of 2D materials 70% of the research has been focused on Ti;C,T, over-
have been reported, ranging from single elements to chemical shadowing the attention paid to other kinds of MXenes."
compounds. Compared with the single-element 2D materials, TiyCN is a typical kind of hetero-MXene where half of the
compounds composed with multi-elements are generally more carbon content is substituted by nitrogen. The electronegative
attractive, as the synergism and combination of various nitrogen gives stronger Ti—N bonding than Ti—C, resulting in
elements gr_lglow structural flexibility as well as intriguing enhanced physical and electronic properties. As revealed, the
properties.” " For instance, owing to their superior electron electronic conductivity and catalytic activity of N-containing
mobility, transition-metal dichalcogenides (TMDs) have been MXenes are superior to those of the carbide ones due to the

successfully applied in broadband photodetectors with wave- higher density of states at the Fermi level”® Ti,CN was
lengths ranging from ultraviolet to mid-infrared. These developed in 2012 and has been widely applied in rechargeable
materials have been widely applied also in various other fields batteries, supercapacitors, and saturable absorbers.”' >
. . . . . — ) ) .
such as energy conversion, biomedicine, and catalysis.”"" However, there have only been a few works focusing on the

Among the family of 2D compounds, transition-metal detai : . . .
tailed optical rt f Ti;,CN MX thing that
carbides and nitrides hold a special place. They are commonly etatied optical properties of 1 ene, something tha

named as MXenes owing to the graphene-like structure and
intimate relation to their MAX precursors'”~'* and are
expressed with the universal formula of M, X, T, (n = 1—4),
where M is an early transition metal, X refers to C/N, and T
represents the surface terminations. The investigation of
MXenes can be traced back to 2011 when Naguib et al.
reported the Ti;C, MXene."” Due to a large number of early
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Figure 1. (a) SEM image of Ti;AICN MAX phase. (b) SEM image of HF-etched Ti;CN MXene with multilayer structure. (c) SEM image of
exfoliated Ti;CN MXene with few-layer structure. (d) TEM image of aggregated few-layer Ti;CN MXenes. (e¢) TEM image of individual few-
layer Ti;CN MXene. (f) HR-TEM of few-layer Ti;CN MXene and insert is the SAED pattern. (g) Elemental mapping of few-layer Ti;CN
MXene. (h) AFM image of few-layer Ti;CN MXene. (i) Summarized depth of few-layer Ti;CN MXene based on the AFM image. (j) XRD
patterns of Ti;AICN and Ti;CN. (k) XPS spectra of Ti;AICN and Ti;CN.

probably has slowed down its further development.”* For
instance, there is still a chasm between practical applications
and fundamental understanding about carrier relaxation
dynamics and nonlinear optical (NLO) response for Ti;CN.
Understanding the ultrafast relaxation dynamic is vital for
investigating pulsed light—matter coupling phenomena.”**
For the NLO response, there are significant applications using
the sizable third nonlinear susceptibility for ultrafast 8pulse
generation in optoelectronic and photonic devices.”"*”

To this concern, few-layer Ti;CN nanosheets (NSs) with
high quality have successfully been synthesized in this work via
selective etching and molecular intercalation and structurally
characterized by TEM, SEM, and AFM, while the composition
has been confirmed by XRD, XPS, and EDS. The broadband
ultrafast carrier relaxation processes of Ti;CN were systemi-
cally investigated from visible (490—770 nm) to near-infrared
(840—1240 nm) waveband regions with a time-resolved
transient absorption (TA) instrument. A broadband ground-
state bleaching signal (AA < 0) was observed, and two
different relaxation time components could be fitted. The
broadband NLO response of Ti;CN was studied with the well-
known Z-scan technique by adjusting the laser intensity and
wavelength. Both saturable absorption (SA) and reverse
saturable absorption (RSA) phenomena could be observed.
According to the intriguing results obtained, we envisage that
2D Ti;CN NSs have promising potential for optoelectronic
devices and with breakthrough capacity in this field.

RESULTS AND DISCUSSION

Synthesis of Few-Layer Ti;CN MXenes. Taking the
advantage of the high reactivity of Al-C bonds, large-scale
MXenes can be fabricated by removing the Al layer from their
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MAX phases via an acid-etching approach. As can be seen in
Figure 1la, the bulk Ti;AICN MAX phase shows a nonlayered
feature, which hardly can be exfoliated by the traditional liquid-
phase exfoliation method. After etching by hydrogen fluoride
(HF) acid, the Al layer can be removed, and multilayer Ti;CN
with a slack accordion-like structure can be obtained (Figure
1b). In order to obtain few-layer Ti;CN, the multilayer Ti;CN
was intercalated by tetramethylammonium hydroxide
(TMAOH) molecules according to previous works.” Figure
Ic demonstrates the SEM image of exfoliated Ti;CN NSs
which shows a few-layer feature. Due to the vigorous stirring
process, the lateral dimension of the few-layer Ti;CN NSs is
significantly lower than that of multilayer Ti;CN. A detailed
elemental mapping analysis also confirmed the successful
removal of the Al layer, where the elements of Ti, Al, C, and N
can be observed in Ti;AICN, while only Ti, C, and N elements
can be detected in multilayer Ti;CN MXene (Figure S1).
Figure 1d shows the TEM image of aggregated few-layer
Ti3CN NSs, and the electron-transparent flakes indicate an
ultrathin feature. Individual few-layer Ti;CN flakes are also
observed, while the different transparencies indicate the
various thicknesses (Figure le). The few-layer structure is
further confirmed by the TEM image at the edge of a single
flake, as shown in Figure S2. Figure 1f displays the high-
resolution transmission electron microscopy (HRTEM) image
of few-layer Ti;CN, which clearly shows the crystalline lattice.
The hexagonal symmetry structure is further confirmed by the
selected area electron diffraction (SAED) pattern (inset in
Figure 1f). Figure lg shows an energy-dispersive X-ray
spectroscopy (EDS) elemental mapping of the Ti;CN flakes,
which confirms their elemental composition. It can be noted
that the copper grid is covered with an ultrathin carbon film,
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which results in a less obvious display of the C element
compared with the Ti and N ones. In order to further confirm
the thickness of the as-exfoliated Ti;CN MXene, AFM was
carried out with a 512 pixel, and the sample was spin-coated on
a Si/SiO, substrate. No liquid cascade centrifugation was used
to perform the size selection. The as-exfoliated Ti;CN MXene
exhibits a large size distribution (Figure 1h). However, the
thickness of the Ti;CN flakes is uniform, as can be seen by the
marked height profiles. Figure 1i demonstrates the summarized
depth of the AFM image. The left peak belongs to the depth of
the substrate, which has been normalized to 0 nm. The right
peak refers to the depth of the Ti;CN NSs with a distance to
the substrate calculated to be ~2.6 nm, which can be regarded
as the average thickness of the as-exfoliated Ti;CN MXene.
Figure 1j shows the XDR patterns of the Ti;AICN MAX phase
and of Ti;CN MZXene. The interlayer distance has been
decreased owing to the removal of the Al layer, resulting in a
broadened and downshifted (002) peak of Ti;CN. This is in
good agreement with other kinds of MXenes, which implies
that the MAX phase has completely converted to MXenes. Due
to the exfoliation, the XRD pattern of the few-layer Ti;CN
MXenes reveals a weakening of the intense peaks, as compared
with Ti;AICN MAX. The elemental composition is further
confirmed by XPS measurements. As can be seen in Figure 1k,
the elements of Ti, C, N, and O can be observed in both
Ti;AICN and Ti;CN, and the XPS Al 2s and Al 2p peaks
disappear in Ti;CN after HF-etching treatment, which is in
good agreement with the EDS mapping results in SEM and
TEM. In addition, the strong F 1s peak indicates that there are
abundant —F groups on the as-fabricated Ti;CN MXenes,
which can be ascribed to the usage of the HF acid.
Photoexcited Carrier Relaxation. Nondegenerate
pump—probe experiments with femtosecond time resolution
were carried out to explore the excited-state dynamics of
Ti;CN NSs.”° Compared with degenerate pump—probe
measurement, more probe wavelengths (i.e, more excited-
state levels) dynamics can be unscrambled and explored.”””’
In the pump—probe technique, the pump laser excites the
electron transit from the low ground state to a higher excited
state, and the probe laser is monitored and the change of
sample’s absorptivity/transmittance is recorded by the
spectrometer. Generally, the intensity of the pump laser is
one order higher than that of the probe laser, which precludes
the influence of the probe laser. In the experiment setup, the
wavelength of the pump light is fixed at 410 nm (~3 eV),
which offers sufficient energy to promote electrons from the
ground state to the excited state. The broadband continuum
probe light constitutes two components with wavelength
regimes of 490—770 nm and 840—1240 nm, which is obtained
from irradiating different nonlinear crystals. Figure 2a
demonstrates the 2D color transient absorption (TA) mapping
of few-layer Ti;CN NSs from visible to near-infrared
wavebands. As revealed, only a broadband negative TA signal
can be observed in this region, which corresponds to a ground-
state bleaching (GSB) transient response. The GSB negative
signal indicates the decrease of probe laser absorption, which
can be attributed to the stimulation of a great amount of
charge transferring to the excited state. According to the Pauli
exclusion principle, the probe laser cannot absorb the electron
at the ground state, resulting in a photoinduced bleaching
signal.’> This is in good agreement with the calculated
absorptive cross section of ground state (o) and excited (o)
state, where the 6,,/0, of TiCN NSs is calculated to excess
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Figure 2. (a) 2D color TA mapping of few-layer Ti;CN NSs with
the probe wavelength of 500—770 and 840—1240 nm. (b)
Broadband TA spectra of the few-layers Ti;CN NSs at time delays
of 30.40 fs, 250.6 fs, and 2.42 ps.

1.** Therefore, the negative GSB signal of Ti;CN NSs should
be from the relative stronger ground state absorption than the
excited state one. A similar phenomenon has been observed in
traditional semiconductors, which has been named as
“dynamic Burstein Moss” effect.”**> As can be seen in Figure
2b, the amplitude of the TA signal reaches the maximum at
250 fs after the pump and probe light approach the NSs.
Theoretically, the intensity of the TA signal at a specific
wavelength is tightly related to the carrier density of the excited
state. Herein, the TA signal will increase to close to zero when
the carrier relaxes to the lower excited state. The time scale of
the relaxation processes is in the picosecond (ps) range,
implying that the Ti;CN NSs can be applied to build ultrafast
optical modulator devices. Figure 2b summarizes the TA
spectra at the various time delays of 30.4 fs, 250.6 fs, and 2.42
ps. Apparently, the TA signal reduces to zero in a broadband
wavelength range at the ps level, indicating an ultrafast carrier
relaxation process in the Ti;CN MXenes.

To further understand the time-related relaxation process of
the few-layer Ti;CN NSs, the dynamic curves at various probe
wavelengths are fitted (Figure 3). The single pulse energy of
the ultrafast pump laser is fixed at 700 nJ. A double-exponential
function was applied to fit the experimental TA signals as
follows:

t_
AA =A1exp[—

G

(1)

where ¢ refers to the delay time between pump and probe light,
7, and 7, are the estimated time constants relating with
relaxation processes, t, is the rising time, and A, and A,
represent the amplitudes of two components. The fitted data at
the various probe wavelengths are shown as black solid lines in
Figure 3, which are in good agreement with the experimental
results. The two time constants can be attributed to the
carrier—carrier scattering time and carrier—phonon scattering
time, respectively. Due to the large size distribution of the
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Figure 3. Dynamic curves and fitted results of the Ti;CN NSs at 500, 620, 740, 840, 1060, and 1200 nm, respectively.
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Figure 4. (a) Fast relaxation time constants against the wavelength. (b) Slow relaxation time constants against the wavelength. (c) Peak
absorption against the wavelength. (d) Peak absorption against the power intensity of the pump laser under various wavelengths.

Ti;CN NSs, the fitted results of the dynamic curves reveal the
statistical results for these samples. From the TA spectra, the
broadband dynamics at different delay times become apparent.

For the dynamic curves in Figure 3, the signals rapidly decrease

to the minimum value in ~250 fs. These ultrafast relaxation
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processes observed here could indicate the possibility to use
Ti3CN NSs as materials for ultrahigh-speed modulators.
Figure 4ab summarizes the fitted time constants under
different wavelengths. In the tested wavelength region, the fast
time constant (7;) of Ti;CN NSs is measured to range from 78
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Figure 5. (a) Atomic structure of trilayer Ti;CNOF. (b) Calculated electronic band structures of Ti;CNT, NSs (T = F or O). (c) Absorption
spectra Ti;CN MXene with various terminations. (d) Time-dependent electron energy change at 300 K for O-, F-, and mixed terminated

Ti;CN from left to right.

to 160 fs, which is close to the pulse duration of the laser and
can be regarded to refer to carrier—carrier scattering. The slow
time constants (7,) are calculated at a several ps scale. For
instance, 7, is about 2.88 and 4.25 ps at 500 and 940 nm,
respectively. The slow relaxation is in the nonthermal regime,
which can be attributed to the process of carrier—phonon
scattering. Due to the ultrafast carrier—phonon relaxation
process, the carrier relaxation process undergoes low collision
probability with optical phonons. Therefore, the Ti;CN NSs
own high carrier mobility also has a proportional relationship
with the carrier—phonon scattering time. We can remind that a
high carrier mobility is a prerequisite for establishing high-
performance optoelectronic devices. There is no obvious
relationship between probe wavelength and time constants,
while the fast and slow constants show an approximately
consistent change tendency. Figure 4c shows the measured AA
peak under different wavelengths. As revealed, the peak
absorption increases with the increment of wavelength from
500 to 950 nm, while it decreases in the wavelength region of
950—1200 nm. Normally, the AA peak values are strongly
associated with the carrier population of the excited state,
resulting in a much smaller absorption than at other probe
wavelengths. Therefore, the maximum of the ground-state
bleaching signal for Ti;CN NSs should be ~950 nm (1.31 V).
Figure 4d demonstrates the measured AA peak of Ti;CN NSs
against the pump power, and the fitted results are shown as
solid lines. As seen, the AA peak increases with the increment
of the pump power under various wavelengths, which can be
well fitted as a linear relation. When more ground-state carriers
are excited by the pump laser, the transmittance of the probe
laser enhances due to the Pauli exclusion principle.

The complete photoexcited carrier relaxation dynamics of
Ti;CN NSs undergoes the following steps: (1) carrier—carrier
scattering and (2) carrier—phonon scattering (Figure $3).%7*
The Ti;CN NSs absorb high-energy photons from the pump
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laser and generate a large amount of photoexcited electrons
(Figure S3a). The electron relaxation processes (i.e, energy
dissipation processes) can occur by means of three processes.
Generally, the photoexcited electrons interact with additional
electrons near the Fermi level and reach electron thermal-
ization. The photon-excited electrons rapidly form hot
electrons with a Fermi—Dirac distribution by electron—
electron collision, and the resultant hot electrons will achieve
the same electronic temperature (Figure S3b). Then, the high-
excited-state electrons mainly interact with optical phonons,
since these phonons possess higher energy than the acoustic
phonons. The excess energy of the optical phonon can
dissipate, and the electrons lose their excess momentum,
relaxing to a minimum point of the excited state. The
temperature difference between electrons and optical phonons
levels out, resulting in a thermal equilibrium (Figure S3c). It is
notable that the lattice is also heated by inelastic collisions
between carriers and phonons. Hence, optical phonons interact
with other lattice modes (eg., acoustics phonons) and reach
the same lattice temperature in the following 3—5 ps. In
addition, the long-term stability of Ti;CN NSs is further
confirmed by the TA spectra under the irradiation of 1060 nm.
For the Ti;CN suspension stored 1 day, 7 days, and 14 days,
there is neither apparent color difference nor precipitation
(Figure S4a). The TA signals are almost overlapped, and a
slight decrement can be observed in the enlarged region
(Figure S4b), indicating that the Ti;CN NSs are stable during
the experimental section. The high stability of Ti;CN NSs can
be ascribed to the storage process, where the oxygen is
removed, light is blocked, and low temperature is ensured.
To further investigate electronic and optical properties of
few-layer Ti;CN NSs, we utilized first-principle calculations
and nonadiabatic molecular dynamics. Taking into account
that the elemental mapping analysis confirmed the successful
removal of the Al layer from the MAX phase, revealing the
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Figure 6. NLO response characteristics of Ti;CN NSs at different single pulse energies under: (a) 500 nm, (b) 800 nm, (c) 1300 nm, and (d)
1550 nm. The normalized transmittance versus incident optical intensity can be found in (e—h), respectively.

absence of the Al element in Ti;CN MXene, and that the
average thickness of the as-produced MXenes is calculated to
be ~2.6 nm, we can assume that Ti;CN MXene has a trilayer
structure. The optimized structure demonstrates an average
thickness of ~2.9 nm, which is comparable to experimental
data, while bilayer Ti;CN has an average thickness <2 nm that
is significantly smaller compared to the experimental results.
The presence of F and O elements in the EDS analysis and the
XPS spectra indicates that the most probable termination is by
means of these groups. Therefore, to investigate the electronic
and optical properties of Ti;CN, we constructed three types of
models with O-, F-, and mixed terminations. The optimized
structure with mixed termination type is presented in Figure
Sa. The band structure calculations (Figure Sb) reveal that
independent of termination type, Ti;CN demonstrates robust
metallic properties, something that is in excellent agreement
with other theoretical and experimental reports.’”~*' One can
observe quite steep distributions of bands crossing the Fermi
level that refer to the good conductivity of MXenes, while there
is a relatively flat conduction band just above the Fermi level.
This plays an important role in the optical properties of
MXenes due to the so-called parallel band absorption effect,”
which favors multiple absorption as discussed in the following
section.

The optical spectra of O-, F-, and mixed terminated Ti;CN
are shown in Figure Sc. All spectra have a typical metallic
character with large absorption in the IR range. The mixed
termination can be considered as a superposition of O- and F-
terminated Ti;CN with obvious contributions from both types.
We found that the transitions at around 470 nm have the most
prominent oscillator strength and therefore should be
considered as the most probable ones. One should note that
the difference in peak intensities in the absorption spectrum
between mixed Ti;CNOF and Ti;CNF,/Ti;CNO, is caused
by contributions of both O- and F-terminated MXene bands
and their relative oscillator strength, which has been
normalized to 1.

In order to further investigate hot electron relaxation, we
carried out nonadiabatic molecular dynamic calculations of
Ti;3CN MXene with various terminations. Figure 5d demon-
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strates valence and conduction band evolution with time at
300 K. Thermal fluctuations of the atoms induce splitting of
degenerate bands and oscillations, as shown in Figure SS.
Oscillations  significantly increase from F- to O-terminated
MXene, while the structural evolution with time in all studied
termination cases is comparable. Therefore, we can conclude
that the electronic structure of Ti;CN with an O-terminated
surface is very sensitive to the thermal fluctuation of atoms.
The time-dependent hot electron relaxation in the conduction
band is presented in Figure 5d. The results suggest that in the
case of F- and mixed O-F-terminations, the electron energy
drastically changes within the ~200 fs losing about 80—90% of
the energy. We attribute this short time period to the fast time
constant (7;) of the Ti;CN NSs that is measured to range from
78 to 160 fs. The photoexcited carriers are after excitation
quickly converted into hot carriers with a Fermi—Dirac
distribution and then cooled down by fast relaxation through
electron—electron and electron—phonon scattering in the
conduction band. Here, it was unexpectedly found that entirely
O-terminated Ti;CN NSs show a much slower hot electron
relaxation process. This could possibly be attributed to the
large density of degenerative bands in the Ti;CNO,
conduction band where the relaxation takes place. The thermal
fluctuations break the degeneracy and create a complicated
multilevel electronic structure,” which is responsible for
capturing and storing hot electrons before they cool down to
the conduction band minimum.**

Nonlinear Optical Response. Motivated by the fact that
NLO materials are of great importance for passive optical
modulators and optical limiting devices,”> we decided to
investigate the broadband NLO characteristics of Ti;CN NSs.
Here, the well-developed open-aperture (OA) Z-scan
technique was applied under various wavelengths (S00—1550
nm) with increased pulse power (Figure 6). The transmittance
(i.e., the ratio between two detectors) versus the position of the
sample was also recorded and normalized. Figure 6 displays the
OA Z-scan results at 500, 800, 1300, and 1550 nm and the
fitting of these data. The corresponding nonlinear absorption
curves with incident intensity are also summarized and directly
inserted in Figure 6. Interestingly, the Ti;CN NSs demonstrate
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Table 1. Linear and Nonlinear Optical Parameters of Ti;CN NSs and Several Typical 2D Materials

materials wavelength (nm) a (em™) AR (%)
800 6.908 29.24
Ti,CN
) 1550 7.958 —63.5
800 16.2 -
Nb,C
1550 6.25 -
MoO;, 1550 0.53 17
BP/IPA 800 1.58 12.4
SnS 800 - 14.8
graphene 1030 17.1 -
MoS, 800 11.22 -

I, (GW/cm?) B (cm/GW) NLO response ref
27.51 —0.054 SA
this work
- 0.31 RSA
98.89 —-0.28 SA
38
- 0.30 RSA
0.32 —0.0012 SA 45
—334.6 —0.0060 SA 46
209 —0.0027 SA 47
170 + 50 —(0.094 + 0.032) SA i
381 + 346 —(0.024 + 0.0080) SA

typical positive saturable absorption (SA) under the irradiation
of 500 and 800 nm ultrafast lasers, while a reverse-saturable
absorption (RSA) phenomenon is perceived under 1300 and
1550 nm lasers. This phenomenon has been observed for other
kinds of MXenes, such as Nb,C and Ti;C,, and the conversion
from SA to RSA can be ascribed to multiphoton
absorption.”** We remind that materials with such character-
istics can potenitally be applied to build high-performance
optical modulator devices for passive Q_switching or mode-
locking lasers.

Generally, the total absorption (@) constitutes two
components, namely a linear absorption component (a,) and
a nonlinear absorption component (ay;), and can be
expressed by the following equations:

a=a;+ ay )
ay=In(T)/L (©)
oy, = fI (4)

where T represents the linear transmittance, L refers to the
thickness of the cuvette (1 mm), f is the nonlinear absorption
coefficient, and I is the light intensity. Nonlinear absorption
components have proportional relationships with the incident
intensity. It is notable that the incident intensity changes with
the position of the sample in a Z-scan measurement setup,
resulting in the variation of absorption. The nonlinear
absorption coefficients have both positive (absorption
increasing with increasing incident intensity) and negative
(absorption decreasing with increasing incident intensity)
signs. The value of # can be deduced by fitting the normalized
transmittance versus the sample position z with the following
equation:

ﬂI()Leff
T — 1 Momett
@) =1 2V2(1 + 2% /z7) (s)
Lg=(1—e")/a, (6)
2y =nwg /A (7)

where I, is the on-focus light intensity, L. refers to the
effective thickness of the sample, z, is the Rayleigh range of the
Gaussian beam, @, represents the beam waist radius, and 4 is
the operating wavelength. Normalized transmittance and the
fitted curves at different incident wavelengths are shown in
Figure 6. According to the convex lens function, the beam spot
radius changes with the position at the Z-axis, which indicates
the variation of incident intensity at fixed single pulse energy.
Transforming the beam radius information with incident
intensity, the nonlinear absorption characteristics can be more
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intuitively observed by using light intensity as the abscissa
(inset in Figure 6). The experimental data could be well fitted
by a nonlinear transmission model:

AR
1+ 1/I4

T(z) =1 - -

ns (8)
where AR, I, and A, are the modulation depth, saturation
intensity, and nonsaturable loss, respectively. Several key
parameters (such as ag, f, Im #®, AR, and I,) of Ti;CN NSs
are summarized in Table 1, which also have been compared
with those of other 2D materials.

The value of f is calculated to be —0.054 cm/GW by fitting
the Z-scan data at 800 nm, which is significantly higher than
that of other NLO materials. The high f value of Ti;CN NSs
indicates a strong nonlinear interaction between Ti;CN NSs
and the incident light. In the passive mode-locked or Q-
switched laser, the modulation depth of a saturable absorber is
one of the most important parameters, as it represents the
modulation ability for an optical pulse. Moreover, the
modulation depth dominates the laser pulse width, for
example, higher modulation depths are in favor to establish
shorter pulse. In addition, a smaller saturation intensity is
beneficial to create a pulsed laser under small incident optical
intensity. Ti;CN NSs possess an ultrafast relaxation time,
smaller saturation intensity, and higher modulation depth,
which are supposed to be advantageous aspects for SA
materials for visible light waveband mode-locked and Q-
switched lasers. From 1060 to 1550 nm, the Ti;CN NSs
demonstrate RSA behavior, which means that they also can be
applied in optical limiting devices.

For incident wavelengths ranging from 500 to 800 nm, the
nonlinear optical response is revealed to show a saturable
absorption behavior because of the light bleaching effect. As
shown in Figure S6a, as the energy of the incident light is
higher than the optical bandgap, the electrons at the ground
state can readily be promoted to excited states. Further
increasing the incident optical intensity, the Ti;CN NSs can
absorb more photons and more ground-state electrons are
excited until all available excited energy levels are filled (see
Figure S6b). According to the Pauli exclusion principle, two
identical electrons cannot occupy the same excited state, which
results in optical bleaching. In such circumstances, the Ti;CN
NSs cannot absorb photons and exhibit a saturable absorption
behavior. As the incident laser wavelength increases, exceeding
1300 nm, the photon energy becomes smaller than the gap
between the second valence band maximum (VBM-1) and the
conduction band (Figure S5) and the electrons can barely be
promoted to excited states by absorbing only one photon. A
gap of more than 1 eV can be found between 0 and —1 eV at
I'-point of O-terminated Ti;CN, while this gap rapidly
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increases along other momentum vectors and therefore
effectively prevents electron excitations from lower lying states.
Therefore, electrons from the deep valence VBM-1 band can
only be excited by absorbing one photon with higher energy
than 1.0 eV (wavelength of 1240 nm), which refers to the SA
phenomenon. In the absorption plot (Figure S), one can see
that the spectrum saturates at about 1300 eV, confirming the
SA behavior, something that also is found in our experimental
measurements. Considering F-terminated Ti;CN, there is a
small range of states with a gap narrower than 1 eV; however,
these states can disappear in cases of mixed terminations.
Moreover, it has been proposed that O-termination results in a
more stable MXene conﬁguration,49 and therefore the O
groups should dominate in the final material. When the photon
energy is <1 eV, more than one photon is required to excite the
electron, in which case an optical limiting phenomenon can be
present. In this circumstance, multiphoton absorption occurs
in Ti;CN NSs with the increment of incident intensity,
showing a reverse saturable absorption effect.

CONCLUSION

In this work, Ti;CN MXenes with high quality have been
successfully fabricated via selective etching and molecular
delamination. The few-layer structure and elemental compo-
sition of Ti;CN NSs are further confirmed by various
characterization techniques. Conducted transition absorption
measurements for the Ti;CN NSs indicate a negative ground-
state absorption due to the Pauli blocking. The intraband
carrier relaxation dynamic has two types of processes: carrier—
carrier scattering and carrier—phonon scattering. For the fast
and slow relaxation times, the fitted constants range from 78 to
160 fs and from 2.88 to 4.25 ps, respectively. Moreover, the Z-
scan technique revealed a dramatic NLO response conversion
from saturable absorption to reversed saturable absorption
owing to the multiphoton absorption effect. The correspond-
ing carrier relaxation dynamics and NLO response of Ti;CN
MXene have been experimentally reported and theoretically
investigated. Combining the experimental observations and
DFT theoretical calculations, we believe our results can be
instructive for the design of 2D MXene-based optoelectronic
devices with high performance. Further investigations of
Ti;CN-based devices are ongoing with the perspective to
fulfill some of the great expectations for these materials.

METHODS

Materials. Ti;AICN (~600 mesh) was purchased from Jilin 11
Technology Co., Ltd. The 40% hydrofluoric aqueous solution (HF)
and 25% tetramethylammonium hydroxide (TMAOH) aqueous
solution were purchased from Macklin Inc. Double-distilled deionized
(DI) water was used in the whole system, and all of the chemical
reagents were used as received.

Synthesis of Multilayer Ti;CN MXene. In a 20 mL
polypropylene-based beaker, 6 mL of 40% HF solution was mixed
with 2 mL of DI water to obtain a 30% HF solution. One g of
Ti;AICN powder was slowly added into the aforementioned mixture,
and the solution was stirred at room temperature for 24 h. Then the
superfluous HF was removed by centrifugation (10000 rpm for 10
min), and the precipitate was washed with DI water until the pH
reached ~7. The precipitate was dried in vacuum for 24 h for the
SEM test.

Preparation of Few-Layer Ti3CN NSs. 0.2 g of multilayer Ti;CN
MZXene was dispersed in 6 mL of TMAOH solution which was
vigorously stirred for 3 days. After the delamination, the TPAOH
molecules were removed by high-speed centrifugation (15000 rpm for
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10 min). The precipitate was redispersed in DI water by hand-
shaking. The Ti;CN solution was further centrifuged at 3000 rpm for
15 min to precipitate the undelaminated multilayer MXene. Finally,
the supernatant containing few-layer Ti;CN NSs was collected and
directly used for the following measurements. To avoid the
oxidization, the MXene solution was deoxygenated by bubbling
with nitrogen for 5 min. In addition, the solution was sealed in a vial
without superfluous air (Figure S4a) and covered with aluminum-foil,
which was then stored in refrigerator (~5 °C).

Characterization. SEM was carried out in a field emission Hitachi
SUB00 microscope, and the sample was immobilized directly on a
conducting resin. As Ti;CN MXene is conductive, there is no
additional spraying procedure before measurement. TEM EDS,
HRTEM, and SAED were performed in a FEI Tecnai G2 F30 (300
kV) instrument where the sample was immobilized on a copper grid
with ultrathin carbon film. AFM was recorded in a Bruker Dimension
machine with 512 pixels, and the sample was dispersed on a Si/SiO,
wafer. XRD was obtained by a BrukerD$ instrument (4 = 0.154 nm)
with voltage of 40 kV and current of 40 mA. XPS was performed on a
PHI-5000 Versa Probe II instrument using monochromatic Al Ka
radiation.

TA Experiment. A broadband nondegenerate TA spectrometer is
applied to investigate the carrier dynamic processes of Ti;CN NSs. In
the setup, the pump laser (410 nm) is generated by nonlinear
frequency conversion, and the repetition rate of pump laser is 500 Hz.
The nonlinear frequency conversion processes include sum frequency,
frequency doubling, beat frequency, etc. The broadband probe
supercontinuum laser (490—770 nm and 840—1240 nm) is generated
by irradiating the 800 nm laser on various crystals. The repetition rate
of the probe laser is 1000 Hz. The probe laser irradiates the detector,
which generates differential absorbance signal. The total probe
window is 8 ns.

Z-Scan Experiment. The ultrafast pulses (repetition rate of 1000
Hz) with different wavelengths were divided in two components by a
50:50 beam splitter. One was set as the reference light beam and
collected by a photodetector (PD1). The other one was injected into
the sample, and the transmitted light was shaped by a convex lens and
collected by another detector (PD2). When moving forward the
computer-controlled stage, where the sample was fixed from —Z to Z,
the absorption variation versus the position can be monitored based
on the power variation at PD2. The transmittance of the sample is
calculated from the values of the two photodetectors. The focal length
of the lens is S00 mm for wavelengths of 500 and 800 nm, while it is
150 mm for wavelengths of 1300 and 1550 nm. To minimize the
effect of the sample on the propagation of the beam, a thin cuvette
with 1 mm length was employed, which is shorter than the Rayleigh
range of the lens (2.55 mm for 800 nm according to eq 7, where @, is
25.5 um). Before measurement, a 0.5 mm ZnSe thin crystal was used
to align the optical path.

Theoretical Methods. The first-principle calculations were
carried out using DFT as implemented in the VASP code.’*' The
GGA PBE>® exchange functional, projector augmented wave’
method, and D3 correction® of weak disperse interactions were
utilized to solve electronic structure. The plane wave kinetic-energy
cutoff was set to 500 eV. For self-consistent calculations, we used 12 X
12 X 1 k-points for unit cell calculations of few-layer Ti;CN. The
convergence tolerances of the force and electronic minimizations were
1073 eV/A and 107° eV, respectively. A vacuum region of >12 A was
set to avoid artificial interaction of the neighboring images along the z
direction. Optical properties were treated time dependently within the
Tamm—Dancoff approximation by solving the Casida equation.>*™>’
The ab initio NAMD simulations were carried out using the Hefei-
NAMD code,®® which augments the VASP with the NAMD
capabilities within TDDFT and with the fewest switches surface
hopping method similar to that as-reported.’”*® After the geometry
optimization, a velocity rescaling algorithm was used to heat the
system to 300 K. Then a S ps microcanonical ab initio molecular
dynamics trajectory was generated with a time step of 1 fs. The
NAMD calculations were carried out by averaging over 100 different
initial configurations. For each chosen structure, 2 X 10* trajectories
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for the last 2.0 ps were set. The Visualization for Electronic and
Structural Analysis software® was used for the visualization structure.
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