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ABSTRACT  

MXenes are a new class of intrinsically metallic 2D materials. Their wide range of optoelectronic properties they 
demonstrate as a function of their chemical composition suggest applications in electronic and photonic devices. In this 
work we present a comprehensive study of the optical properties of three members of the MXene family, Ti3C2Tz, 
Mo2Ti2C3Tz, and Nb2CTz, using ultrafast transient optical absorption and THz spectroscopy. We find that those properties 
result from a complicated interaction between free carriers, interband transitions and localized surface plasmon resonances. 
Elucidating the nature of photoexcitation and dynamics of carriers in these emergent materials will lay the foundation for 
their potential for optoelectronic applications. 
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1. INTRODUCTION  
MXenes are an emergent 2D material class of transition metal carbides, nitrides and carbonitrides with a general formula 
Mn+1XnTz, where M is a metal, X = C or N, and n = 1–3; Tz stands for the surface terminations –OH, –O, and/or –F.1,2 

Electronic properties of MXenes are determined by specific chemistries, surface terminations, as well as by water 
molecules and cations that are introduced during fabrication and occupy the van der Waals gaps between individual MXene 
nanosheets. MXenes demonstrate many attractive properties, record conductivity and capacitances,3 high optical 
nonlinearities, high laser damage thresholds, and pronounced plasmonic effects. 4,5 

A variety of electronic and photonic applications of MXenes such as electromagnetic interference (EMI) shielding6, energy 
storage, and plasmonic devices have been proposed, but the electronic and optical properties of this family have not yet 
been fully understood. It has been shown that optical properties can be tailored by changes in structure and morphology 7, 

8, 9. Recently, a study of optical excitation of different MXene chemistries by Maleski et al, showed that  optical extinction 
peaks for Ti2C and Ti3C2 at 2.25eV and 1.6eV respectively corresponds to localized surface plasmon resonances in the 
visible to near IR range.7 Such property is already being used in surface-enhanced Raman spectroscopy10 and optical fibers 
in telecommunications11. However, the plasmonic nature of the observed visible-near IR resonances is still under debate. 

In this work, we investigate the photoexcitation-induced changes in optical properties of 2D MXenes with  different  
chemical compositions. We study drop coated thin films of 2D Ti3C2, Mo2Ti2C3, and Nb2C using two complementary 
spectroscopy techniques: ultrafast transient optical absorption (TA) which provides information about the photoexcited 
states and their lifetimes as well as changes in absorption in the optical range and the timescales over which absorption 
returns to the pre-excitation spectrum, and THz spectroscopy that give us information about the free carriers and the 
transient changes in photoconductivity. 
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2. RESULTS AND DISCUSSION 
Figures 1 (a), 1(b) and 1(c) shows the static absorption spectra of all three compounds studied. Broad absorption peaks 
were found at 750nm for Ti3C2 and a peak at 520nm for Mo2Ti2C3.12 Previously, this peak in Ti3C2 has been ascribed to a 
localized surface plasmon resonance (LSPR).7,13 For Nb2C, previous reports showed an absorption peak centered at 
950nm7, while in our film, a very weak but discernable absorption feature appears, at 730nm.12 

 
Figure 1. (a), (b), (c) Static absorption and (d) ,(e) ,(f) Transient absorption with 400nm pump of 2D Ti3C2, Mo2Ti2C3 and 

Nb2C thin films 

The films were excited by either 400nm or 800nm pump, thus allowing excitation either below or above the static 
absorption peak. TA results show a suppression of absorption that is centered at exactly the energies of the peaks observed 
in the static absorption spectra of every MXene, as indicated in Figure 1(d), 1(e) and 1(f). This behavior was found to be 
independent of the excitation energy or fluence. 

The photo-induced suppression of absorption at the plasmon resonance is well known in bulk and nanoscale metals. When 
the free electron distribution of a metal is optically excited, a non-equilibrium hot carrier distribution is created over sub-
ps time scales as a result of electron-electron interactions.14 The hot carrier distribution relaxes by electron-phonon 
interactions, it transfers its energy to the crystal lattice over times scales ranging from sub-ps to several ps. Increased 
temperature results in broadening of the plasmon resonance, appearing as suppression of absorption at its peak. Eventually, 
lattice cools by transferring thermal energy to the surroundings, via thermal diffusion and/or radiation.15,16,17 Lattice 
cooling can therefore be observed as the recovery of the suppression of absorption in TA. 

In our films, suppression of absorption can be observed in Figure 2(a), 2(c) and 2(e) at different delay times. These 
measurements suggest that Vis-near IR absorption features can be attributed to a plasmon, which, in turn, confirms the 
existence of plasmonic features, not only in Ti3C2, as was expected, but in Mo2Ti2C3 and Nb2C as well. This renders 
possible the supposition of more MXenes chemistries having plasmonic features as well. 

As can be seen in figure 2(a), the recovery time scales of the suppression of absorption were found to be very long. In 
Ti3C2, full thermal relaxation is found to be longer than our detection limit, at 3ns. In Mo2Ti2C3 , Figure 2(c), was also 
measured to be ~3ns, whereas Nb2C , Figure 2(e), it recovers on ~ 100 ps time scales.12 Thermal transport typically has 
two major contributions, characterized by the carrier and lattice thermal conductivity. A recent investigation suggested 
that electron-phonon scattering in Nb2C is at unusually strong, and comparable to the phonon-phonon scattering, the 
predominant mechanism limiting thermal transport in 2D materials.18 If this holds true for other MXenes as well, scattering 
of phonons by the free carriers may turn out to be the reason for the slow thermal relaxation revealed by the TA 
spectroscopy. 
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Figure 2. (a) ,(c), (d) Transient absorption at different delay times, (b), (d) ,(e) Time-resolved THz spectroscopy of 2D 

Ti3C2, Mo2Ti2C3 and Nb2C thin films  

To investigate the relation between free carrier density and slow thermal conductivity, we carry out THz spectroscopy 
measurements on the same films. Intrinsic conductivity is directly proportional to carrier density and can be deduced from 
the THz TDS spectroscopy. We find that Ti3C2 presents with the highest conductivity ≈3500 (Ω cm)−1, followed by 
Mo2Ti2C3 with lower conductivity ≈ 160 (Ω cm)−1, and then Nb2C where the conductivity was below the detection range.12 

It has been reported for Ti3C2 films experimental room temperature thermal conductivity of 2.84 W m-1 K-1, orders of 
magnitude lower than for conventional metals. 19,20 Additionally, the Wiedemann-Franz law analysis relating experimental 
electrical and thermal conductivity values for a Ti3C2 film shows that electronic contribution to the measured thermal 
conductivity is only ~ 2-3%.21  

From optical pump THz probe spectroscopy, we can obtain the changes in carrier density and conductivity, under 
photoexcitation at 400nm and 800nm. Figure 2(b), 2(d) and 2(f) shows that relaxation times depend on excitation and 
fluence, probably due increasing of inter-band excitation of carriers. We observe in Figure 2(b) the slowest lattice cooling 
~3ns corresponds to the MXene with higher free carrier density, Ti3C2, for Mo2Ti2C3 the lattice cooling is also slow, Figure 
2(d), and the fastest recovery ~ 100 ps in Nb2C, Figure 2(f). THz spectroscopy results shows that free carries in the studied 
MXene films presumably limit thermal diffusion where in Nb2C the free carriers are almost exclusively optically injected.  

TA and THz spectroscopy results obtained in this study provides evidence to the unprecedently low lattice thermal 
conductivity in MXenes, strong electron-phonon scattering responsible for unusually low thermal conductivity agrees with 
the highly efficient photothermal conversion efficiency in MXenes. 

3. SUMMARY 
In all three MXenes, photoexcitation is found to result in suppression of absorption of the plasmon resonances which 
recovers fastest in the MXenes with lower free carrier density (intrinsic conductivity). The presence of plasmonic features 
in Ti3C2 has been verified and it has been shown, that Mo2Ti2C3 and Nb2C possess plasmonic features as well. TA and 
THz results confirmed low lattice thermal conductivity and slow heat dissipation due to strong carrier-phonon scattering 
in MXenes. 

1.5 2.0 2.5
-4
-2
0
2
4
6

1.5 2.0 2.5

-2
0
2

1.5 2.0 2.5
-8
-6
-4
-2
0

0 5 500 2500
0

1

0 5 500 2500

-1

0

0 5 500 2500

0

1

Ti3C2
  0.5 ps
  10 ps
  200 ps
  3ns

Nb2C

Mo2Ti2C3

D
A(

m
O

D
)

Time (ps)Energy (eV)

(c)

(b)

TA 400nm pump TRTS pump
 400 nm, 110 mJ/cm2

 800 nm, 160 mJ/cm2

(a)

D

(f)(e)

(d)

-D
T 

(n
or

m
al

iz
ed

) 

Proc. of SPIE Vol. 12419  1241908-3
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 01 Aug 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use



 

 
 

 

ACKNOWLEDGEMENTS 

Approved for public release by DEVCOM Soldier Center: PR2023_19564. This work was supported in part by NSF DMR 
2018326 and 1740795 awards and by the US Army DEVCOM Soldier Center AA1 basic research program. AMF was 
supported by the NSF NRT-HDR 2021871 fellowship. VN was supported by CSIR-NCL lab funds.  

REFERENCES 

 
[1] Naguib, M., Kurtoglu, M., Presser, V., Lu, J., Niu, J., Heon, M., Hultman, L., Gogotsi, Y. and Barsoum, M.W. , Two-
Dimensional Nanocrystals Produced by Exfoliation of Ti3AlC2. Adv. Mater. 2011, 23: 4248-4253. 
[2] Naguib M., Mashtalir O., Carle J., Presser V.,  Lu J., Hultman L.,  Gogotsi Y., and Barsoum, M.W., Two-Dimensional 
Transition Metal Carbides, ACS Nano 2012, 6(2)1322–1331. 
[3] Ghidiu M, Lukatskaya MR, Zhao MQ, Gogotsi Y, Barsoum MW. Conductive two-dimensional titanium carbide 'clay' 
with high volumetric capacitance. Nature. 2014;516(7529):78-81. 
[4] Jiang, X., Liu, S., Liang, W., Luo, S., He, Z., Ge, Y., Wang, H., Cao, R., Zhang, F., Wen, Q., Li, J., Bao, Q., Fan, 
D., Zhang, H., Laser & Photonics Reviews 2018, 12, 1700229. 
[5] Dong Y C, Chertopalov S, Maleski K, Anasori B, Hu L Y, Bhattacharya S, Rao A M, Gogotsi Y, Mochalin V N and 
Podila R, Saturable absorption in 2D Ti3C2 MXene thin films for passive photonic diodes Adv. Mater. 2018, 30 1705714 
[6]Li G, Amer N, Hafez HA, et al. Dynamical Control over Terahertz Electromagnetic Interference Shielding with 2D 
Ti3C2Ty MXene by Ultrafast Optical Pulses. Nano Lett. 2020;20(1):636-643. 
[7] Maleski, K.; Shuck, C. E.; Fafarman, A. T.; Gogotsi, Y. The Broad Chromatic Range of Two-Dimensional Transition 
Metal Carbides. Adv. Opt. Mater. 2021, 9 (4), 2001563. 
[8]Han M, Maleski K, Shuck CE, et al. Tailoring Electronic and Optical Properties of MXenes through Forming Solid 
Solutions. J Am Chem Soc. 2020;142(45):19110-19118. 
[9] H.  Li, S.  Chen, D. W.  Boukhvalov, Z.  Yu, M. G.  Humphrey, Z. Huang, C. Zhang, ACS Nano 2022, 16, 394. 
[10] Sarycheva A, Makaryan T, Maleski K, Satheeshkumar E, Melikyan A, et al. Two-dimensional titanium carbide 
(MXene) as surface-enhanced Raman scattering substrate. J. Phys. Chem. C. 2017; 121:19983–19988. 
[11] Pacheco-Peña, V., Hallam, T. & Healy, N. MXene supported surface plasmons on telecommunications optical fibers. 
Light Sci Appl 2022, 11. 
[12] Colin-Ulloa, E., Fitzgerald, A., Montazeri, K., Mann, J., Natu, V., Ngo, K., Uzarski, J., Barsoum, M.W. and Titova, 
L.V., Ultrafast Spectroscopy of Plasmons and Free Carriers in 2D MXenes. Adv. Mater 2022, 2208659. 
[13] Zheng, W., Sun, B., Li, D. et al. Band transport by large Fröhlich polarons in MXenes. Nat. Phys. 2022, 18, 544–550. 
[14] Besteiro L., et al, The fast and the furious: Ultrafast hot electrons in plasmonic metastructures. Size and structure 
matter, Nano Today 2019, 27, p 120-145. 
[15] Hartland, G. V.; Besteiro, L. V.; Johns, P.; Govorov, A. O., What’s so Hot about Electrons in Metal Nanoparticles? 
ACS Energy Letters 2017, 2 (7), 1641-1653. 
[16] Hodak, J. H.; Henglein, A.; Hartland, G. V., Photophysics and spectroscopy of metal particles. Pure and Applied 
Chemistry 2000, 72 (1-2), 189-197. 
[17] Hohlfeld, J.; Wellershoff, S. S.; Güdde, J.; Conrad, U.; Jähnke, V.; Matthias, E., Electron and lattice dynamics 
following optical excitation of metals. Chemical Physics 2000, 251 (1), 237-258. 
[18] Huang Y,et al, Abnormally Strong Electron–Phonon Scattering Induced Unprecedented Reduction in Lattice Thermal 
Conductivity of Two-Dimensional Nb2C, Journal of the American Chemical Society 2019, 141 (21), 8503-8508. 
[19] Chen, L.; Shi, X.; Yu, N.; Zhang, X.; Du, X.; Lin, J., Measurement and Analysis of Thermal Conductivity of Ti3C2Tx 
MXene Films. Materials 2018, 11 (9), 1701. 
[20] Gholivand, H.; Fuladi, S.; Hemmat, Z.; Salehi-Khojin, A.; Khalili-Araghi, F., Effect of surface termination on the 
lattice thermal conductivity of monolayer Ti3C2Tz MXenes. J. Appl. Phys. 2019, 126 (6), 065101. 
[21] Chen, L.; Shi, X.; Yu, N.; Zhang, X.; Du, X.; Lin, J., Measurement and Analysis of Thermal Conductivity of 
Ti(3)C(2)Tx MXene Films. Materials (Basel) 2018, 11 (9). 
 
 

Proc. of SPIE Vol. 12419  1241908-4
Downloaded From: https://www.spiedigitallibrary.org/conference-proceedings-of-spie on 01 Aug 2023
Terms of Use: https://www.spiedigitallibrary.org/terms-of-use


