
RSC Advances

PAPER

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 7

/2
7/

20
25

 1
2:

50
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.

View Article Online
View Journal  | View Issue
Nonlinear light a
aA. Alikhanian National Science Laboratory,

Armenia. E-mail: hminassian@yerphi.am
bInstitute of Applied Problems of Physics

Yerevan, Armenia. E-mail: armen_melikyan@
cUlm University – Institute of Experimental

Ulm, Germany. E-mail: manuel.goncalves@
dYerevan State University, 1 Alek Manukya

petrosyanpetros00@gmail.com

Cite this: RSC Adv., 2025, 15, 23934

Received 11th March 2025
Accepted 16th June 2025

DOI: 10.1039/d5ra01751c

rsc.li/rsc-advances

23934 | RSC Adv., 2025, 15, 23934–
bsorption in Ti3C2Tx MXene:
a theoretical study

Hayk Minassian, *a Armen Melikyan,b Manuel Rodrigues Gonçalves *c

and Petros Petrosyand

Nonlinear absorption of MXenes has been investigated experimentally in several recent publications, and

applications of these new 2D materials in broadband ultrafast photonics has already been demonstrated.

In particular, MXenes have been used in the generation of highly stable femtosecond pulses in mode-

locked fiber lasers. The optical nonlinearities appearing in different MXenes in the vis-NIR wavelength

range have been explained theoretically based on the theory of saturation of nonlinear absorption in

a two-level atomic system. This approach requires a fitting procedure applied to determine the

saturation intensity of the MXene. However, this approximation does not account for the band structure

of MXene, and therefore the microscopic character of the saturation of nonlinear absorption is still not

understood. In this communication we use published results of calculations of the band structure of

titanium carbide MXene and apply the density matrix theory to calculate the nonlinear absorption

coefficient for a two-band model, in the resonance approximation. The latest experimental results on

nonlinear transmittance at pump wavelengths between 1000 nm and 1500 nm are discussed in this

framework and the saturation dynamics of absorption is revealed.
1. Introduction

Around a decade ago, a new family of 2D materials was
discovered – carbides and nitrides of transition metals, called
MXenes.1,2 The investigation of the linear optical properties of
MXenes has been carried out by electron energy loss spectros-
copy (EELS) and optical measurements in the visible, UV, and IR
ranges.3–6 The analysis of experimental data allowed identifying
bulk plasmons, surface plasmons (SPs) as well as interband
transitions (IBT) in these 2D metal carbides and nitrides.7

Due to their unique optoelectronic properties as well as
metal-like electronic conductivity, MXenes became the
subject of intensive research.8,9 Theoretical studies of the linear
optical properties were realized in ref. 10–12, where IBT,
quadrupole surface plasmons (QSP) and transversal dipole
surface plasmons (TDSP) were identied as the main mecha-
nisms of linear absorption in the vis-NIR wavelength range.
Although, in the spectral range of l = 600–1600 nm different
resonances arise, the absorption curve of Ti3C2Tx does not
present sharp peaks. This behavior is interpreted by partial
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overlapping of these resonances,11,13 as well as due to noticeable
broadening caused by rather short electron–electron relaxation
times.14–16

Nonlinear optical absorption properties of MXenes have
been discovered more recently. The rst experimental studies
on optical nonlinearities in 2D titanium carbide and carboni-
tride MXenes (Ti3C2Tx and Ti3CNTx, where Tx represents func-
tional groups such as –OH and –F) suggest that MXenes exhibit
robust nonlinear optical properties.17–19 Some of them are
already being utilized in ber-based femtosecond lasers for
mode locking.20

Identied by numerous experimental groups,17–19,21–39 the
optical nonlinearities in different MXenes in the vis-NIR wave-
length range are interpreted in terms of saturation of nonlinear
absorption (NLA) in a two-level system (TLS). In these studies,
the saturation intensity is found by tting the experimental data
by the well-known expression for the NLA coefficient in a TLS
model. However, the mechanisms for the manifestation of
nonlinearity in the TLS model and in the case of a solid, are
different. Therefore, a theoretical study of the nonlinear optical
properties of MXenes requires accounting for the band struc-
ture of the charge carriers. In this communication we calculate
the NLA coefficient of the most studied MXene, Ti3C2Tx, based
on the density matrix formalism. The theory developed here
allows the interpretation of experimental data on NLA in
Ti3C2Tx, in the wavelength range l = 600–1600 nm, without
introducing tting parameters.
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Electronic band structure of the Ti3C2(OH)2 bilayer for the
simple hexagonal stacking type of layers. Initial, i and final f, bands are
marked, respectively, with green and blue dotted rectangles. Repro-
duced and adapted from data provided by the authors of ref. 42.
Copyright (2015) Springer Nature Publishing Group.
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1.1. Features of the Ti3C2Tx band structure responsible for
the nonlinear optical processes

To interpret the NLA experimental data of MXene, using the
two-level atomic model, a tting procedure is necessary. Several
tting parameters have been used based on experimental
investigations, namely the saturation intensity of the nonlinear
absorption, the modulation depth, and the nonsaturable loss.
The theory presented below allows the calculation of the NLA
coefficient, using only experimental data of a complex dielectric
function, the linear absorption coefficient and the charge
carrier relaxation times in the MXene.

The rst theoretical studies of the band structure of Ti3C2Tx

based on density functional theory (DFT) were obtained for free
standing monolayers and either metallic-like, or
semiconductor-like behavior was revealed.40,41 In particular, it
was shown that Ti3C2F2 and Ti3C2(OH)2 can be either metals, or
narrow-band gap semiconductors, depending strongly on how
the surface groups F and OH are geometrically terminated.
Although most of the DFT calculations of band structures of
MXenes were done for monolayers, there are also DFT calcula-
tions for multilayer (stacked) MXene structures.31,42,43 In these
articles, the main features of the band structure of the stacked
Ti3C2(OH)2 sheets, in the wavelength range 1000 nm to
1500 nm, are similar. In this article we use the data from ref. 42,
where the band structure for a bilayer and multilayers was
calculated. Moreover, calculations of the band structure of
a stacked sample and a bilayer of Ti3C2(OH)2 were done, based
on dispersion-corrected density functional theory (DFT-D), in
which long-range dispersion interactions are taken into
consideration. It was realized that at the Fermi energy, EF, the
density of states (DOS) mainly originates from the nearly free 3d
electron states of Ti. Correspondingly, the 3d electrons of Ti
contribute predominantly to the electronic conduction since
the electronic transport properties are governed by the electrons
near EF. It was demonstrated that the intralayer bonding is
strong, while the interlayer is weak, since there are electron
density dilution zones between neighboring layers. Weak
interaction betweenMXene layers results in small differences in
band structures of samples of different thicknesses (e.g., see the
band structure of bilayer and stacked Ti3C2(OH)2 in ref. 42).

Since nonlinear optical phenomena manifest themselves
most clearly in resonance conditions, it is possible to restrict
the model to consider only two bands (two-band model). As the
DFT calculations show, in the vis-NIR range there are suitable
pairs of bands below and above the Fermi-level, that can provide
resonance transitions.42

For specic wavelengths of pump laser pulses, the resonant
coupled bands in Ti3C2Tx MXene are identied from band
structure calculations. For example, in Fig. 1 the band structure
of a bilayer Ti3C2(OH)2 MXene obtained from DFT calculations
is presented.42 The accuracy of the results of our calculations
presented below is limited by the width of curves of Fig. 1,
showing the dispersion structure E(k).

All the resonance transitions in the wavelength range l =

600–1600 nm in the k-space take place in the narrow energy
range around the G point and in the middle of the path G / K
© 2025 The Author(s). Published by the Royal Society of Chemistry
of the Brillouin zone. Initial (i, below the Fermi level) and nal
(f, above the Fermi level) bands that can be resonantly coupled
are marked with green and blue dotted rectangles, respectively
(see Fig. 1). We note that at points of high-symmetry in
Ti3C2(OH)2 the dispersion laws of carriers around EF in the
wavelength range specied above, can be approximated by
parabolic curves of different curvature, corresponding to
different effective masses of charge carriers.

Noticeable nonlinear absorption of light in the MXene at
a given pump frequency is possible if there is at least one pair of
i and f bands between the extremes, of which a direct resonant
transition is possible. In addition, a at (low curvature) parab-
olas describing dispersion laws corresponds to a high DOS of
carriers and provides strong absorption of light. Therefore, it is
not surprising that in experiments on NLA in MXenes, the
saturation behavior strongly depends on the pump laser wave-
length. For example, in ref. 33 it was found that for the wave-
lengths between l= 1000 nm and l= 1500 nm, using excitation
of short laser pulses, the absorption saturation occurs at very
low intensities, I = 1.29 MW cm−2 and I = 1.02 MW cm−2,
respectively. Contrary to this, in ref. 27, the nonlinear trans-
mission of Ti3C2Tx MXene measured at l = 1550 nm and l =

2000 nm resulted in highly different saturation intensities of I=
10.68 MW cm−2 and I = 651.23 MW cm−2. It is reasonable to
assume that such large differences in saturation intensity may
be associated with the peculiarities of the MXene band struc-
ture. Below, we elaborate on this approach to interpret recent
experiments with laser pulses of appropriate pulse width.

Typically, samples with few layers or a stacked multilayer of
MXenes offering similar band structures31,42 are studied in
nonlinear optical experiments. For both structures, in order to
calculate the NLA coefficient, it is necessary to determine the
effective mass of charge carriers, which can be done using the
results of band structure calculations. To do this, each of the
selected bands of both samples has to be approximated by
a parabolic curve in the vicinity of the symmetry point, allowing
to calculate the effective mass of carriers. Below, we apply this
method to determine the nonlinear absorption coefficient to
a stacked sample of a few layers of Ti3C2(OH)2, since in most
cases the termination Tx of synthesized Ti3C2Tx samples is the
RSC Adv., 2025, 15, 23934–23942 | 23935
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OH functional group.44,45 Moreover, the DFT calculations of the
band structures in 42 are performed for Ti3C2(OH)2.
1.2. Recent experimental results of nonlinear absorption

Since the theoretical method used in this article is applicable in
the steady-state regime, we briey summarise the application of
our method to results of experiments on nonlinear absorption
in MXene with long pump laser pulses.

In very recent articles the nonlinear optical properties of
samples of Ti3C2Tx embedded in PVA were investigated, for
lms of thickness around z0 = 70–80 nm,38 and for z0 = 14.1
mm.39 In these experiments the nonlinear absorption was
measured for l= 1090 nm and l = 1064 nm, respectively. A very
large difference in the saturation intensity was found. Isat =
1300 MW cm−2 in the rst case and Isat = 2.08 MW cm−2 in the
second. These values were found by tting the measured data
(see eqn (8) below).

Another interesting case was studied in ref. 37 where the
transmittance depending on input intensity for a few layer
Ti3C2Tx was measured for the laser pulse central wavelength l=

1565 nm. The corresponding tting of eqn (8) using the
measured data, results in the following saturation intensity
value Isat= 105.28 MW cm−2. In ref. 35 for laser pulses with near
central wavelength, l = 1550 nm, for the case of a stacked
(multilayer) sample, a highly different value of the saturation
intensity, Isat = 1.5 MW cm−2 was obtained. Thus, surprisingly,
close to l ∼ 1000 nm, a change in the pump wavelength of only
26 nm, used in thick Ti3C2Tx samples, leads to a change in the
saturation intensity by three orders of magnitude. The situation
is quite different for the pump wavelength around l ∼ 1500 nm,
when for two very close wavelengths the saturation regime
strongly differs (by two orders of magnitude) for thin (a few
layers) and thick (multilayer) samples.

The stronger optical absorption exhibited experimentally
and the higher imaginary component of the dielectric constant
for thicker Ti3C2Tx lms, were presented as the reasons for the
low values of Isat.19 However, accounting only for this size effects
provides just a qualitative analysis of the character of satura-
tion. To obtain a complete picture of absorption, a microscopic
approach based on the band structure of MXene with calculated
NLA coefficient (see eqn (4) below) must be involved and will be
presented in Section 3 below.
2. Theoretical model of the nonlinear
absorption
2.1. Nonlinear absorption coefficient of Ti3C2(OH)2

The calculation of the NLA is based on the density matrix
method developed in ref. 46 for a two-band semiconductor
excited by the electric eld E(z, t) of laser light

E(z, t) = E0(z) exp[i(qz − ut)] + c.c.

The optical wave propagation direction is along the z-axis
and its amplitude in the medium is (E0(z)), where q is the z-
23936 | RSC Adv., 2025, 15, 23934–23942
component of the wave vector of light. For each pump frequency
u, we select a pair of resonantly coupled bands: the occupied
band, i and the free band, f. Obviously, for a correct description
of the nonlinear absorption processes, it is also necessary to
account for various processes of electron scattering (interband
and intraband), which are non-resonant in nature. These are
usually involved in consideration by introducing appropriate
relaxation times. Furthermore, accounting only for direct reso-
nance interband transitions (q < 104 cm−1) and neglecting non-
resonance interactions, that play a negligible role in nonlinear
processes, we obtain the density matrix equations (DME),
following the method of Ogasawara.468>>>>>>>><
>>>>>>>>:

r
�

fðkÞ ¼ � 1

sf
rfðkÞ þ

i

ħ

h
d*ðkÞE*

0ðzÞrfiðkÞ � dðkÞE0ðzÞr*fiðkÞ
i

r
�

iðkÞ ¼ �1

si
riðkÞ þ

i

ħ

h
d*ðkÞE*

0ðzÞrfiðkÞ � dðkÞE0ðzÞr*fiðkÞ
i

r
�

fiðkÞ ¼ i½u� uðkÞ� � 1

T2

rfiðkÞ �
i

ħ
dðkÞE0ðzÞ

�
riðkÞ þ rfðkÞ � 1

�
(1)

with

rfiðkÞ ¼ r*ifðkÞ:

In eqn (1), ri(k) and rf(k) denote respectively the electron
occupation probabilities in the I and f bands, k is the wave
vector of charge carriers, ħu(k)= 30 + 3f(k)− 3i(k), where 30 is the
energy separation between resonantly coupled i and f bands at
the point k0 corresponding to the extreme of carrier energies,
3i(k) and 3f(k) are the dispersion laws in the i and f bands. The
off-diagonal matrix element r(k) determines the material
polarization, d(k) is the induced dipole moment directed along
E0(z) and, without any loss of generality, we will assume d(k) =
d*(k). T2 is the dipole relaxation time. The parameters si and sf
are the intraband relaxation times,8>>><

>>>:

1

si
¼ 1

se�e;i

þ 1

se�ph;i

1

sf
¼ 1

se�e;f

þ 1

se�ph;f

(2)

where se–e,i, and se–e,f, are carrier–carrier scattering times, se–ph,i
and se–ph,f are carrier–phonon scattering times in coupled
bands. In eqn (1) the term responsible for recombination of
charge carriers is absent, since the relaxation time of the
spontaneous emission process ss in Ti3C2Tx is much longer
than T2, si, and sf.14–16 The steady state solution of eqn (1) was
used in ref. 47 to describe the saturation of nonlinear absorp-
tion in a bulk sample of InGaAsP. We also introduce the
intensity of light wave in the absorbing medium I(z) = (c/8p)j
E0(z)j2, where c is the speed of light in vacuum, and z is the path
coordinate of light in the medium.

To calculate the NLA coefficient a[I(z)] in MXene, we use the
well-known denition47

aðIÞ ¼ 8p2

ln
0 c

00 ðIÞ;
© 2025 The Author(s). Published by the Royal Society of Chemistry
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where l is the wavelength of light, n0 is the real part of the
refractive index, c00 is the imaginary part of susceptibility,
dened as follows

c
00 ¼ 1

E0

ð
dðkÞJ�rfiðkÞ� d3k

ð2pÞ3: (3)

The imaginary part of r(k) is determined by solving the
system of eqn (1). For long enough laser pulses of duration
Dspulse , we use the steady state solution of eqn (1), obtaining

J
�
rfiðkÞ

� ¼
dðkÞE0ðzÞ

ħT2

1

½u� uðkÞ�2 þ T2
�2 þ 2

�
si þ sf

�
T2

�1½dðkÞE0ðzÞ=ħ�2
:

(4)

From eqn (4) we can see that the dependence of intensity on
r(k) and consequently also of a(I) are governed by the disper-
sion relation of the charge carriers, u(k). In further calculations
we assume that electron–electron and electron–phonon relaxa-
tion times in interacting bands are the same, se–e,i = se–e,f and
se–ph,i = se–ph,f.

The calculation of the NLA coefficient a(I) is obtained from
eqn (3) and (4). It is clear that the main contribution to the
susceptibility of eqn (3) comes from the narrow region of the
energy spectrum in the k-space around the wave number k0,
determined from the resonance condition u = u(k0). Conse-
quently, as usually is accepted in resonance conditions,46–48 we
ignore the dependence of the transition dipole moment on the
electron wavevector, replacing d(k) by d0. The quantity d0 is
determined below using the experimental value of the linear
absorption coefficient of Ti3C2Tx.

We must mention that in the range l = 600–1600 nm the
resonant interband transitions of Ti3C2(OH)2 (as can be seen in
Fig. 1), can take place between the energy bands around the G

point and in the middle of the path G/ K of the Brillouin zone.
Moreover, these bands are well approximated by parabolic
curves. Under these assumptions we obtain from eqn (3) and (4)
the following expression for the NLA coefficient, calculated in
the two-band model (TBM).

aTBM½IðzÞ� ¼ a0ðuÞ
ffiffiffiffiffiffiffiffiffiffiffiffi
1þ g

p
h�
1þ IðzÞ�ITBMNL

�1=2 þ g
i1=2 (5)

Here the values of I(z) depending on input intensity I0, will be
determined in the next section by solving the propagation
equation containing aTBM[I(z)]. In eqn (5) a0(u) is the linear
absorption coefficient of MXene and it takes the form

a0ðuÞ ¼ 4pd0
2
m

ln
0ħ2

ffiffiffiffiffiffi
T2

p
ffiffiffi
m

ħ

r ð1� g2Þ1=4ffiffiffiffiffiffiffiffiffiffiffiffi
1þ g

p : (6)

ITBMNL is a measure of nonlinearity and determined by material
parameters of the MXene ake and excitation frequency
© 2025 The Author(s). Published by the Royal Society of Chemistry
ITBMNL ¼ cħ2
�
1þ d2T2

2
�

8pd0
2T2

�
si þ sf

�: (7)

In eqn (6), m = mfmi/(mi + mf) is the reduced mass, where mi

and mf are the effective mass determined from the band
structure of MXene. The quantity d0 is calculated from the eqn
(6) for the linear absorption coefficient, using measured values
of the parameters a0(u),49 T2, si and sf.14–16 Moreover, in eqn (5)
and (6)

g ¼ dT2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ d2T2

2
p ;

with

d ¼
�
u� 30

ħ

	
:

We note that the quantity d can take both positive and
negative values, which is a result of the specic band structures
of the charge carriers in MXenes. Indeed, as is seen from Fig. 1,
alongside resonance transitions between i and f bands having
correspondingly negative u > 30/ħ and positive dispersion u < 30/
ħ, there are also other i and f bands resonantly coupled, with
dispersions of opposite signs. In addition, there are also at
band segments supporting resonance transitions as well. For
different experiments with given pump photon energies, this
peculiarity is considered in our calculations. Namely, we
account for all resonance interband transitions in k-space
around the G point and in the middle of the path G / K of the
Brillouin zone.

As is seen from eqn (5), the NLA coefficient differs from the
one based on the TLS model, widely used to interpret nonlinear
optical phenomena in MXenes

aTLSðIÞ ¼ a0

1þ I=Isat
: (8)

The quantity Isat in this expression, called saturation inten-
sity, is considered as an unknown parameter in experimental
studies and is revealed by tting eqn (8) withmeasured data. We
note that the expression of eqn (8) can be obtained using eqn (4)
for the particular case of u(k) = const. and assigning all relax-
ation times in eqn (4) to the two-level atom.
2.2. Dependence of the transmittance of Ti3C2Tx on the
excitation intensity

To interpret experimental data on the NLA, we solve the
nonlinear propagation equation for the light intensity with the
above calculated NLA coefficient of eqn (5),

dIðzÞ
dz

¼ �aTBM½IðzÞ�IðzÞ: (9)

Instead of looking for the function I(z), we obtain from eqn
(9) the inverse function z(I) that allows to represent the thick-
ness of the sample as a function of the output intensity.
RSC Adv., 2025, 15, 23934–23942 | 23937
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Table 1 Values of g and m for l = 1090 nm and l = 1064 nm were
determined using DFT calculations from ref. 42. The relaxation times
were taken from ref. 14 and 16

Ref. l [nm] DTpulse g

se–e,i =
se–e,f

se–ph,i =
se–ph,f m z0

38 1090 2 ms 0.105 1.0 ps 20 ps 0.101me 70–80 nm
39 1064 20 ns 0.998 1.0 ps 20 ps 0.283me 14.1 mm
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z0 ¼ �4ðA� BÞ
a0C

þ 1

a0

ln


ðAþ CÞðB� CÞ
ðA� CÞðBþ CÞ

�

þ 2

a0

D

C
tan�1



DðA� BÞ
1þ gþ AB

�
; (10)

where

A ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ Iðz0Þ

ITBMNL

s
� g

vuut ; B ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1þ I0

ITBMNL

s
� g

vuut ;

C ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
1� g

p
; D ¼

ffiffiffiffiffiffiffiffiffiffiffiffi
1þ g

p
:

Thus, eqn (9) is solved with respect to thickness of the
sample z0, as a function of the input and output intensities.
Furthermore, we introduce the light transmittance of a MXene
sample, which is the quantity measured in most of the
nonlinear experiments

T ¼ Iðz0Þ
I0

: (11)

The expression in eqn (11) implicitly represents the output
intensity dependence on thickness z0 of the sample and will be
applied in the next sections for the interpretation of NLA
experiments. Our simulations, based on eqn (10) for different
input intensities, show that an increase in the thickness of the
sample leads to a decrease of saturation intensity, in accordance
with experiment (see e.g. ref. 19). For instance, when the
thickness of the MXene sample is increased from 20 nm to
200 nm for I0 = 10 MW cm−2 the absorbance A = 1 − T changes
from 0.03 to 0.32.

We note that for a given wavelength the band structure of
MXene may contain resonant transitions between different
pairs of bands. In such conditions, the nonlinear absorption
coefficient can generally be represented as a sum of the
absorption coefficients, i.e.

dIðzÞ
dz

¼ �
XN
l¼1

al
TBM½IðzÞ�IðzÞ (12)

Here N indicates the number of resonance transitions at a xed
pump wavelength.

Thus, this approach based on the band structure of MXene
allows for a realistic description of the nonlinear optical prop-
erties. In contrast to the TLS model, the ITBMNL in the two-band
model is obtained from the solution of DME without intro-
ducing any tting procedure.
3. Application of the model to
experimental data
3.1. Analysis of the experimental NLA data at pump
wavelengths 1064 nm and 1090 nm

First, we consider the experiments in ref. 38 and ref. 39, where
thick samples were studied when excited at wavelength l =

1090 nm and l = 1064 nm, corresponding to energies E =

1.138 eV and E = 1.165 eV, respectively. For further analysis we
23938 | RSC Adv., 2025, 15, 23934–23942
use calculations in the frame of DFT dispersion laws of carriers
of thick samples.42 First of all, it is seen in Fig. 3(b) of ref. 42 that
there are resonance transitions (with different DOS) from bands
located near the Fermi level below zero energy, i bands to the f
bands at both wavelengths. Importantly there are no resonance
transitions around the G point at the wavelengths considered.

We conclude from Fig. 3(b) of ref. 42, that there is only one
resonant transition for each photon energy (E = 1.138 eV and
E = 1.165 eV) located in the middle of the path G / K in the
same segment of the Brillouin zone. Although, in the two
transitions considered the DOS in the initial bands i are
comparable, the DOS of the f band, corresponding to the reso-
nance transition at E = 1.138 eV is much smaller than that of
the DOS to f band corresponding to the resonance with transi-
tion energy E= 1.165 eV. Indeed, whereas the f band for the rst
transition has a sharp slope, in the second transition the f band
is nearly at. We consider these two transitions and apply the
approach above, developed to calculate the dependence of
transmittance T on the excitation intensity.

In the calculations, we have used for the parameters
employed in the problem, values close to those of the experi-
ments on nonlinear absorption. The values for si and sf for the
pump wavelength l = 1000 nm were taken from ref. 14 and 16.
We remark that there are some discrepancies between the
measured values of the relaxation times in MXenes. However, as
our simulations show, the nonlinear absorption characteristics
are not very sensitive to variations of the time constants, even if
their values are doubled, or halved. For T2 we have adopted the
value of the electron–electron intraband scattering time, as it
lies very close to the dipole dephasing time (see ref. 46 and 48
for semiconductors and ref. 50 for metals). The parameter g for
the wavelength specied and the reduced effective mass m are
determined from the band structure of MXene for thick
samples.14 The values of parameters used in our calculations are
presented in Table 1.

The value d0 = 1.64 × 10−27 C m was calculated from eqn (6)
using the experimental data of a0(u). Our calculations show that
the NLA coefficient is insensitive to the choice of T2, at least for
T2 > 0.5 ps. Therefore, small differences between the results of
various studies regarding the measurements of relaxation times
cannot signicantly affect the results of our calculations. The
solutions of eqn (8) for the wavelengths l = 1090 nm and l =

1064 nm allowed to calculate the absorbances and obtain the
dependences T(I0), which are presented in Fig. 2 and 3.

We see that while at l = 1090 nm the saturation effect
becomes pronounced at pump intensities $5000 MW cm−2, at
l = 1064 nm it manifests itself already at a few MW cm−2 in
© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 Transmission of Ti3C2Tx–PVA film as function of the excitation
intensity at l = 1064 nm. The green arrow in the inset indicates the
resonance transition and superposes a fraction of the band structure
extracted from Fig. 3(b) of ref. 42. Reprinted and adapted with
permission, Copyright (2015) Springer Nature Publishing Group.

Fig. 2 Transmittance of a 70–80 nm thick Ti3C2Tx–PVA film as
function of the excitation intensity at l = 1090 nm. In the inset, the
cyan arrow indicates the resonance transition and superposes a frac-
tion of the band structure extracted from Fig. 3(b) of ref. 42. Reprinted
and adapted with permission, Copyright (2015) Springer Nature
Publishing Group.

Fig. 4 Absorbance of Ti3C2Tx in a PVA film as function of the excita-
tion intensity at l = 1550 nm. In the inset the blue arrow indicates the
resonance transition, overlapped with a fraction of the band structure
of Fig. 3(b) in ref. 42. Reprinted and adaptedwith permission, Copyright
(2015) Springer Nature Publishing Group.
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good agreement with experimental data. The comparison
between the curves of Fig. 2 and 3 (obtained without the tting
procedure), with the corresponding ones from the experimental
publications, show good agreement, with a small deviation of
a few percent, with the saturated transmittances measured.
Thus, in thick Ti3C2Tx samples the saturation regime at l ∼
1100 nm pump wavelength is fully governed by the DOS of
resonant interband transitions. Although the two wavelengths
are rather close, nevertheless large differences of DOS in the f
bands cause large differences in the saturation regimes. We
Table 2 Values of g and m for l= 1550 nm and l= 1565 nmwere determ
14 and 16

Ref. l [nm] DTpulse g se–e,i = se–e,f

35 1550 3 ms 0.092 0.62 ps
37 1565 2.1 ps 0.351 0.62 ps

© 2025 The Author(s). Published by the Royal Society of Chemistry
underline that we do not account for lattice defects and termi-
nations in the saturation intensity, non-saturable losses, usually
occurring due to non-resonant absorption processes.

3.2. Analysis of the experimental NLA data at pump
wavelengths 1550 nm and 1565 nm

To interpret the experimental data of ref. 35 for a Ti3C2Tx–PVA
lm, composed of few layer MXene structures for pump wave-
lengths l = 1565 nm (0.792 eV), we involve the band structures
of bilayered Ti3C2Tx (Fig. 1). In the case of the multilayered
structure considered in ref. 37 at pump wavelength l= 1550 nm
(0.8 eV), we exploit the band structure of a stacked MXene
(Fig. 3(b) in ref. 42).

Furthermore, in Fig. 1 we can see that around the G point
there are no resonance transitions at l = 1550 nm. Instead, at
that wavelength there is a resonance transition with high DOS
in the f band in the middle of the path G / K of the Brillouin
zone. Interestingly, at l = 1565 nm pump wavelength in the
band structure of the bilayered sample (Fig. 1) there are two
resonance transitions: one around the G point and the other in
the middle of the path G/ K. However, the corresponding DOS
of the f bands for both transitions is relatively small. Thus, for
the pump wavelength at l= 1550 nm we solved eqn (9) with just
one resonance transition, whereas for l= 1565 nm we solve eqn
(12) with two resonance transitions. The values of si and sf for
the pump wavelength l= 1500 nmwere taken from ref. 16. As in
the previous case for the quantity T2 we adopt the time of
electron–electron intraband scattering value. The values of
other parameters used in the calculations are presented in
ined from DFT calculations.42 The relaxation times were taken from ref.

se−ph,i = se−ph,f m z0

33 ps 0.511me Film of Ti3C2Tx in PVA
33 ps 0.102me Few layers of Ti3C2Tx in PVA

RSC Adv., 2025, 15, 23934–23942 | 23939
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Fig. 5 Transmission of film composed of a few layer Ti3C2Tx and PVA
depending on input intensity at l = 1565 nm. In the inset the black
arrows indicate the resonance transition, overlapped with the upper
part of the band structure of Fig. S2(c) in ref. 42. Reprinted and adapted
with permission, Copyright (2015) Springer Nature Publishing Group.
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Table 2. The results of the solution of eqn (8) and eqn (11) for
the dependence of transmittance, or absorbance on the input
intensity, are presented in the Fig. 4 and 5.

It is easy to see that the calculated dependences again agree
well with the measured data. Similarly to the case of pump
wavelength l ∼ 1000 nm for wavelength l ∼ 1500 nm the
saturation behavior strongly depends on the band structure. For
pump wavelengths with a separation within 15 nm around l =

1550 nm one would expect the same saturation regime.
However, as DFT calculations show, around l ∼ 1550 nm the
dispersion properties of electrons are somewhat different in
a few-layered and in multilayer samples (see Fig. 3(b) in ref. 42).
Namely, for a thick sample, resonant transitions at the indi-
cated wavelength have much larger DOS. This explains why
around l ∼ 1550 nm the saturation regime strongly depends on
the thickness of the sample.
4. Conclusions

We have developed a theoretical model of NLA in the vis-NIR
spectral range for titanium carbide MXene employing the
band structure. The calculations were carried out using density
matrix theory for a two band model in the resonance approxi-
mation. Our approach avoids tting procedures for the deter-
mination of nonlinear characteristics of the material and
interprets recent experimental results with high accuracy. The
latest experimental results on nonlinear absorbance and
transmittance at pump wavelengths l ∼ 1000 nm and l ∼
1500 nm are interpreted in the frame of a microscopic
approach, and the saturation dynamics of absorption are
revealed. It was found experimentally that two drastically
different saturation regimes of NLA for very closely located
pump wavelengths, arise. This behavior is interpreted in terms
of features of the band structure of the Ti3C2Tx MXene. Partic-
ularly, for very close laser wavelengths, resonant coupling takes
place between different pairs of i and f bands with noticeably
different DOS. The method developed can be applied for the
investigation of nonlinear characteristics of other MXenes, that
23940 | RSC Adv., 2025, 15, 23934–23942
will allow identication of new interband resonances with high
DOS and realize mode-locking for femtosecond pulse genera-
tion at other wavelengths as well.
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T. Cabioc’h, Spectroscopic evidence in the visible-
ultraviolet energy range of surface functionalization sites
in the multilayer Ti3C2 MXene, Phys. Rev. B: Condens.
Matter Mater. Phys., 2015, 91(20), 201409, DOI: 10.1103/
PhysRevB.91.201409.

5 A. D. Dillon, M. J. Ghidiu, A. L. Krick, J. Griggs, S. J. May,
Y. Gogotsi, M. W. Barsoum and A. T. Fafarman, Highly
© 2025 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1002/adma.201102306
https://doi.org/10.1021/nn204153h
https://doi.org/10.1103/PhysRevB.89.235428
https://doi.org/10.1103/PhysRevB.91.201409
https://doi.org/10.1103/PhysRevB.91.201409
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra01751c


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 7

/2
7/

20
25

 1
2:

50
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
Conductive Optical Quality Solution-Processed Films of 2D
Titanium Carbide, Adv. Funct. Mater., 2016, 26(23), 4162–
4168, DOI: 10.1002/adfm.201600357.

6 K. Hantanasirisakul, M.-Q. Zhao, P. Urbankowski, J. Halim,
B. Anasori, S. Kota, C. E. Ren, M. W. Barsoum and
Y. Gogotsi, Fabrication of Ti3C2Tx MXene Transparent
Thin Films with Tunable Optoelectronic Properties, Adv.
Electron. Mater., 2016, 2(6), 1600050, DOI: 10.1002/
aelm.201600050.

7 2D Metal Carbides and Nitrides (MXenes): Structure, Properties
and Applications, ed. B. Anasori and Y. Gogotsi, Springer
International Publishing, 2019, DOI: 10.1007/978-3-030-
19026-2, ISBN 9783030190262.

8 M. Naguib, V. N. Mochalin, M. W. Barsoum and Y. Gogotsi,
25th Anniversary Article: MXenes: A New Family of Two-
Dimensional Materials, Adv. Mater., 2014, 26(7), 992–1005,
DOI: 10.1002/adma.201304138.

9 R. E. Ustad, S. S. Kundale, K. A. Rokade, S. L. Patil,
V. D. Chavan, K. D. Kadam, H. S. Patil, S. P. Patil,
R. K. Kamat, D.-k. Kim and T. D. Dongale, Recent progress
in energy, environment, and electronic applications of
MXene nanomaterials, Nanoscale, 2023, 15(23), 9891–9926,
DOI: 10.1039/D2NR06162G.

10 K. Chaudhuri, M. Alhabeb, Z. Wang, V. M. Shalaev,
Y. Gogotsi and A. Boltasseva, Highly Broadband Absorber
Using Plasmonic Titanium Carbide (MXene), ACS
Photonics, 2018, 5(3), 1115–1122, DOI: 10.1021/
acsphotonics.7b01439.

11 A. Sarycheva, T. Makaryan, K. Maleski, E. Satheeshkumar,
A. Melikyan, H. Minassian, M. Yoshimura and Y. Gogotsi,
Two-Dimensional Titanium Carbide (MXene) as Surface-
Enhanced Raman Scattering Substrate, J. Phys. Chem. C,
2017, 121(36), 19983–19988, DOI: 10.1021/acs.jpcc.7b08180.

12 M. Gonçalves, A. Melikyan, H. Minassian, T. Makaryan,
P. Petrosyan and T. Sargsian, Interband, Surface Plasmon
and Fano Resonances in Titanium Carbide (MXene)
Nanoparticles in the Visible to Infrared Range, Photonics,
2021, 8(2), 36, DOI: 10.3390/photonics8020036.

13 S. Adomaviciute-Grabusove, A. Popov, S. Ramanavicius,
V. Sablinskas, K. Shevchuk, O. Gogotsi, I. Baginskiy,
Y. Gogotsi and A. Ramanavicius, Monitoring Ti3C2Tx
MXene Degradation Pathways Using Raman Spectroscopy,
ACS Nano, 2024, 18(20), 13184–13195, DOI: 10.1021/
acsnano.4c02150.

14 Q. Zhang, L. Yan, M. Yang, G. Wu, M. Hu, J. Li, K. Yuan and
X. Yang, Ultrafast Transient Spectra and Dynamics of MXene
(Ti3C2Tx) in Response to Light Excitations of Various
Wavelengths, J. Phys. Chem. C, 2020, 124(11), 6441–6447,
DOI: 10.1021/acs.jpcc.9b11652.

15 E. Colin-Ulloa, A. Fitzgerald, K. Montazeri, J. Mann, V. Natu,
K. Ngo, J. Uzarski, M. W. Barsoum and L. V. Titova, Ultrafast
Spectroscopy of Plasmons and Free Carriers in 2D MXenes,
Adv. Mater., 2023, 35(8), 2208659, DOI: 10.1002/
adma.202208659.

16 A. Rawat, N. K. Chourasia, S. K. Saini, G. Rajput, A. Yadav,
R. Kumar Chourasia, G. Gupta and P. K. Kulriya,
Investigation of charge carrier dynamics in a Ti3C2Tx
© 2025 The Author(s). Published by the Royal Society of Chemistry
MXene for ultrafast photonics applications, Mater. Adv.,
2023, 4(23), 6427–6438, DOI: 10.1039/d3ma00429e.

17 Y. I. Jhon, J. Koo, B. Anasori, M. Seo, Ju H. Lee, Y. Gogotsi
and Y. Min Jhon, Metallic MXene Saturable Absorber for
Femtosecond Mode-Locked Lasers, Adv. Mater., 2017,
29(40), 1702496, DOI: 10.1002/adma.201702496.

18 X. Jiang, S. Liu, W. Liang, S. Luo, Z. He, Y. Ge, H. Wang,
R. Cao, F. Zhang, Q. Wen, J. Li, Q. Bao, D. Fan and
H. Zhang, Broadband Nonlinear Photonics in Few-Layer
MXene Ti3C2Tx (T = F, O, or OH), Laser Photonics Rev.,
2018, 12(2), 1700229, DOI: 10.1002/lpor.201700229.

19 Y. Dong, S. Chertopalov, K. Maleski, B. Anasori, L. Hu,
S. Bhattacharya, A. M. Rao, Y. Gogotsi, V. N. Mochalin and
R. Podila, Saturable Absorption in 2D Ti3C2 MXene Thin
Films for Passive Photonic Diodes, Adv. Mater., 2018,
30(10), 1705714, DOI: 10.1002/adma.201705714.

20 J. He, L. Tao, H. Zhang, B. Zhou and J. Li, Emerging 2D
materials beyond graphene for ultrashort pulse generation
in ber lasers, Nanoscale, 2019, 11(6), 2577–2593, DOI:
10.1039/C8NR09368G.

21 X. Sun, B. Zhang, B. Yan, G. Li, H. Nie, K. Yang, C. Zhang and
J. He, Few-layer Ti3C2Tx (T=O, OH, or F) saturable absorber
for a femtosecond bulk laser, Opt. Lett., 2018, 43(16), 3862,
DOI: 10.1364/ol.43.003862.

22 J. Li, Z. Zhang, D. Lin, L. Miao, J. Yi, B. Huang, Y. Zou,
C. Zhao and S. Wen, Highly stable femtosecond pulse
generation from a MXene Ti3C2Tx (T = F, O, or OH)
mode-locked ber laser, Photon. Res., 2019, 7(3), 260, DOI:
10.1364/PRJ.7.000260.

23 X. Li, X. Yin, S. Liang, M. Li, L. Cheng and L. Zhang, 2D
carbide MXene Ti2CTX as a novel high-performance
electromagnetic interference shielding material, Carbon,
2019, 146, 210–217, DOI: 10.1016/j.carbon.2019.02.003.

24 J. Yi, D. Lin, J. Li, L. Yang, L. Hu, S. Huang, Y. Dong, L. Miao,
S. Wen, V. N. Mochalin, C. Zhao and A. M. Rao, Unleashing
the potential of Ti 2 CT x MXene as a pulse modulator for
mid-infrared ber lasers, 2D Mater., 2019, 6(4), 045038,
DOI: 10.1088/2053-1583/ab39bc.

25 Y. Qi, F. Zhang, N. Zhang and H. Zhang, Few-layer MXene
Ti3C2Tx (T = F, O, or OH) saturable absorber for visible
bulk laser, Opt. Mater. Express, 2019, 9(4), 1795, DOI:
10.1364/OME.9.001795.

26 Q. Wu, X. Jin, S. Chen, X. Jiang, Y. Hu, Q. Jiang, L. Wu, J. Li,
Z. Zheng, M. Zhang and H. Zhang, MXene-based saturable
absorber for femtosecond mode-locked ber lasers, Opt.
Express, 2019, 27(7), 10159, DOI: 10.1364/OE.27.010159.

27 Z. Wang, H. Li, M. Luo, T. Chen, X. Xia, H. Chen, C. Ma,
J. Guo, Z. He, Y. Song, J. Liu, X. Jiang and H. Zhang,
MXene Photonic Devices for Near-Infrared to Mid-Infrared
Ultrashort Pulse Generation, ACS Appl. Nano Mater., 2020,
3(4), 3513–3522, DOI: 10.1021/acsanm.0c00241.

28 L. Gao, H. Chen, F. Zhang, S. Mei, Y. Zhang, W. Bao, C. Ma,
P. Yin, J. Guo, X. Jiang, S. Xu, W. Huang, X. Feng, F. Xu,
S. Wei and H. Zhang, Ultrafast Relaxation Dynamics and
Nonlinear Response of Few-Layer Niobium Carbide
MXene, Small Methods, 2020, 4(8), 2000250, DOI: 10.1002/
smtd.202000250.
RSC Adv., 2025, 15, 23934–23942 | 23941

https://doi.org/10.1002/adfm.201600357
https://doi.org/10.1002/aelm.201600050
https://doi.org/10.1002/aelm.201600050
https://doi.org/10.1007/978-3-030-19026-2
https://doi.org/10.1007/978-3-030-19026-2
https://doi.org/10.1002/adma.201304138
https://doi.org/10.1039/D2NR06162G
https://doi.org/10.1021/acsphotonics.7b01439
https://doi.org/10.1021/acsphotonics.7b01439
https://doi.org/10.1021/acs.jpcc.7b08180
https://doi.org/10.3390/photonics8020036
https://doi.org/10.1021/acsnano.4c02150
https://doi.org/10.1021/acsnano.4c02150
https://doi.org/10.1021/acs.jpcc.9b11652
https://doi.org/10.1002/adma.202208659
https://doi.org/10.1002/adma.202208659
https://doi.org/10.1039/d3ma00429e
https://doi.org/10.1002/adma.201702496
https://doi.org/10.1002/lpor.201700229
https://doi.org/10.1002/adma.201705714
https://doi.org/10.1039/C8NR09368G
https://doi.org/10.1364/ol.43.003862
https://doi.org/10.1364/PRJ.7.000260
https://doi.org/10.1016/j.carbon.2019.02.003
https://doi.org/10.1088/2053-1583/ab39bc
https://doi.org/10.1364/OME.9.001795
https://doi.org/10.1364/OE.27.010159
https://doi.org/10.1021/acsanm.0c00241
https://doi.org/10.1002/smtd.202000250
https://doi.org/10.1002/smtd.202000250
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra01751c


RSC Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

0 
Ju

ly
 2

02
5.

 D
ow

nl
oa

de
d 

on
 7

/2
7/

20
25

 1
2:

50
:3

2 
A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online
29 J. Young In, Y. M. Jhon and Ju H. Lee, Nonlinear optics of
MXene in laser technologies, J. Phys. Mater., 2020, 3(3),
032004, DOI: 10.1088/2515-7639/ab9f89.

30 Y. Wang, Y. Wang, K. Chen, K. Qi, T. Xue, H. Zhang, J. He
and S. Xiao, Niobium Carbide MXenes with Broad-Band
Nonlinear Optical Response and Ultrafast Carrier
Dynamics, ACS Nano, 2020, 14(8), 10492–10502, DOI:
10.1021/acsnano.0c04390.

31 J. Young In, J. Lee, Y. M. Jhon and Ju H. Lee, Ultrafast mode-
locking in highly stacked Ti3C2Tx MXenes for 1.9-mm
infrared femtosecond pulsed lasers, Nanophotonics, 2021,
10(6), 1741–1751, DOI: 10.1515/nanoph-2020-0678.

32 Z. Yang, W. Tan, T. Zhang, C. Chen, Z. Wang, Y. Mao, C. Ma,
Q. Lin, W. Bi, F. Yu, B. Yan and J. Wang, MXene-Based
Broadband Ultrafast Nonlinear Activator for Optical
Computing, Adv. Opt. Mater., 2022, 10(17), 2200714, DOI:
10.1002/adom.202200714.

33 C. Shang, Y. Zhang, G. Wang, J. Sun, C. Yuan, Y.-B. Zhang,
B. Yao, B. Fu and J. Li, Nonlinear optical properties of
MXene and applications in broadband ultrafast photonics,
J. Alloys Compd., 2022, 918, 165580, DOI: 10.1016/
j.jallcom.2022.165580.

34 A. Hazan, B. Ratzker, D. Zhang, A. Katiyi, M. Sokol,
Y. Gogotsi and A. Karabchevsky, MXene-Nanoakes-
Enabled All-Optical Nonlinear Activation Function for On-
Chip Photonic Deep Neural Networks, Adv. Mater., 2023,
35(11), 2210216, DOI: 10.1002/adma.202210216.

35 L. Liang, J. Cheng, N. Liu, J. Zhang, K. Ren, Q. Zhao and L. Li,
Passively Q-switched erbium-doped ber laser based on
Ti3C2Tx saturable absorber, Optik, 2023, 286, 171045, DOI:
10.1016/j.ijleo.2023.171045.

36 Z. Yang, Q. Yang, Y. Tian, X. Ren, C. Li, Y. Zu, S. Z. U. Din,
L. Gao, J. Wu, H. Chen, H. Zhang, J. Liu, J. He and
A. G. Al-Sehemi, Few-layer Ti3CN MXene for ultrafast
photonics applications in visible band, J. Materiomics,
2023, 9(1), 44–55, DOI: 10.1016/j.jmat.2022.09.004.

37 A. H. A. Rosol, A. Hamzah, N. F. Zulkipli and S. W. Harun,
Ti3C2Tx saturable absorber (SA) as Q-switched initiator in
passive neodymium doped ber laser (NDFL), Opt. Fiber
Technol., 2023, 81, 103573, DOI: 10.1016/j.yoe.2023.103573.

38 A. H. A. Rosol, A. Hamzah, N. F. Zulkipli and S. W. Harun,
Short pulsed (1088.5 nm) neodymium-doped ber laser via
Ti3C2TxPVA lm-based SA, Optik, 2024, 296, 171552, DOI:
10.1016/j.ijleo.2023.171552.

39 G. Wang, Y. Bai, L. Yi, J. Yan, S. Yang, B. Lu and H. Zhang, A
high stability and low noise passively Q-switched yellow-
green laser with a Ti3C2Tx-PVA saturable absorber, Opt.
Commun., 2024, 560, 130473, DOI: 10.1016/
j.optcom.2024.130473.
23942 | RSC Adv., 2025, 15, 23934–23942
40 A. N. Enyashin and A. L. Ivanovskii, Atomic structure,
comparative stability and electronic properties of
hydroxylated Ti2C and Ti3C2 nanotubes, Comput. Theor.
Chem., 2012, 989, 27–32, DOI: 10.1016/j.comptc.2012.02.034.

41 Q. Tang, Z. Zhou and P. Shen, Are MXenes Promising Anode
Materials for Li Ion Batteries? Computational Studies on
Electronic Properties and Li Storage Capability of Ti3C2
and Ti3C2X2 (X = F, OH) Monolayer, J. Am. Chem. Soc.,
2012, 134(40), 16909–16916, DOI: 10.1021/ja308463r.

42 T. Hu, H. Zhang, J. Wang, Z. Li, M. Hu, J. Tan, P. Hou, F. Li
and X. Wang, Anisotropic electronic conduction in stacked
two-dimensional titanium carbide, Sci. Rep., 2015, 5(1),
16329, DOI: 10.1038/srep16329.

43 L. Zhang, W. Su, H. Shu, T. Lü, L. Fu, K. Song, X. Huang,
J. Yu, C.-T. Lin and Y. Tang, Tuning the
photoluminescence of large Ti3C2Tx MXene akes, Ceram.
Int., 2019, 45(9), 11468–11474, DOI: 10.1016/
j.ceramint.2019.03.014.

44 Yu Xie and P. R. C. Kent, Hybrid density functional study of
structural and electronic properties of functionalized Tin+1Xn

(X = C, N) monolayers, Phys. Rev. B: Condens. Matter Mater.
Phys., 2013, 87(23), 235441, DOI: 10.1103/
PhysRevB.87.235441.

45 Y. Xie, M. Naguib, V. N. Mochalin, M. W. Barsoum,
Y. Gogotsi, X. Yu, K.-W. Nam, X.-Q. Yang, A. I. Kolesnikov
and P. R. C. Kent, Role of Surface Structure on Li-Ion
Energy Storage Capacity of Two-Dimensional Transition-
Metal Carbides, J. Am. Chem. Soc., 2014, 136(17), 6385–
6394, DOI: 10.1021/ja501520b.

46 N. Ogasawara and R. Ito, Longitudinal Mode Competition
and Asymmetric Gain Saturation in Semiconductor
Injection Lasers. II. Theory, Jpn. J. Appl. Phys., 1988, 27,
615–626, DOI: 10.1143/JJAP.27.615.

47 A. O. Melikyan and G. R. Minasyan, Saturation of interband
absorption in semiconductors, Semiconductors, 2000, 34(4),
386–388, DOI: 10.1134/1.1187993.

48 A. Uskov, J. Mork and J. Mark, Wave mixing in
semiconductor laser ampliers due to carrier heating and
spectral-hole burning, IEEE J. Quantum Electron., 1994,
30(8), 1769–1781, DOI: 10.1109/3.301641.

49 G. Ying, S. Kota, A. D. Dillon, A. T. Fafarman and
M. W. Barsoum, Conductive transparent V 2 CT x (MXene)
lms, FlatChem, 2018, 8, 25–30, DOI: 10.1016/
j.atc.2018.03.001.

50 F. E. Olsson, A. G. Borisov and J.-P. Gauyacq, Scattering of
Cu(100) image state electrons from single Cu adatoms and
vacancies: A comparative study, Surf. Sci., 2006, 600(10),
2184–2194, DOI: 10.1016/j.susc.2006.03.014.
© 2025 The Author(s). Published by the Royal Society of Chemistry

https://doi.org/10.1088/2515-7639/ab9f89
https://doi.org/10.1021/acsnano.0c04390
https://doi.org/10.1515/nanoph-2020-0678
https://doi.org/10.1002/adom.202200714
https://doi.org/10.1016/j.jallcom.2022.165580
https://doi.org/10.1016/j.jallcom.2022.165580
https://doi.org/10.1002/adma.202210216
https://doi.org/10.1016/j.ijleo.2023.171045
https://doi.org/10.1016/j.jmat.2022.09.004
https://doi.org/10.1016/j.yofte.2023.103573
https://doi.org/10.1016/j.ijleo.2023.171552
https://doi.org/10.1016/j.optcom.2024.130473
https://doi.org/10.1016/j.optcom.2024.130473
https://doi.org/10.1016/j.comptc.2012.02.034
https://doi.org/10.1021/ja308463r
https://doi.org/10.1038/srep16329
https://doi.org/10.1016/j.ceramint.2019.03.014
https://doi.org/10.1016/j.ceramint.2019.03.014
https://doi.org/10.1103/PhysRevB.87.235441
https://doi.org/10.1103/PhysRevB.87.235441
https://doi.org/10.1021/ja501520b
https://doi.org/10.1143/JJAP.27.615
https://doi.org/10.1134/1.1187993
https://doi.org/10.1109/3.301641
https://doi.org/10.1016/j.flatc.2018.03.001
https://doi.org/10.1016/j.flatc.2018.03.001
https://doi.org/10.1016/j.susc.2006.03.014
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5ra01751c

	Nonlinear light absorption in Ti3C2Tx MXene: a theoretical study
	Nonlinear light absorption in Ti3C2Tx MXene: a theoretical study
	Nonlinear light absorption in Ti3C2Tx MXene: a theoretical study
	Nonlinear light absorption in Ti3C2Tx MXene: a theoretical study

	Nonlinear light absorption in Ti3C2Tx MXene: a theoretical study
	Nonlinear light absorption in Ti3C2Tx MXene: a theoretical study
	Nonlinear light absorption in Ti3C2Tx MXene: a theoretical study

	Nonlinear light absorption in Ti3C2Tx MXene: a theoretical study
	Nonlinear light absorption in Ti3C2Tx MXene: a theoretical study
	Nonlinear light absorption in Ti3C2Tx MXene: a theoretical study

	Nonlinear light absorption in Ti3C2Tx MXene: a theoretical study
	Nonlinear light absorption in Ti3C2Tx MXene: a theoretical study
	Nonlinear light absorption in Ti3C2Tx MXene: a theoretical study
	Nonlinear light absorption in Ti3C2Tx MXene: a theoretical study
	Nonlinear light absorption in Ti3C2Tx MXene: a theoretical study


