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1. Introduction

The recent emergence of two-dimensional (2D) 
materials facilitated the realization of novel 
optoelectronic and nanophotonic applications. In 
addition to extraordinary and strongly anisotropic 
electronic properties, many 2D materials exhibit 
strong light–matter interactions despite their 
atomic thickness [1–10]. Others and we recently 
demonstrated that an emerging class of 2D early 
transition metal carbides and carbonitride, MXenes, 
are ideal for femtosecond mode locking and optical 
isolation applications due to their high, ≈70 mJ cm−2 
threshold for light-induced damage with up to 50% 
modulation depth [7, 11]. MXenes are a large family 
of 2D early transition metal carbides and nitrides with 
the chemical formula Mn+1XnTx (n  =  1–3), where 
M is an early transition metal, X is a carbon and/
or nitrogen, and Tx represents surface termination 
groups such as  =O, –OH, –F, etc [12–20]. Dangling 

bonds on MXene surfaces formed during synthesis 
are naturally passivated due to interactions with the 
environment, which allows for easy integration with 
photonic structures such as waveguides and cavities 
[10]. In addition to potenial photonic applications, 
layered 2D titanium carbides are actively researched 
as novel precious-metal-free conductive materials for 
electrochemical energy storage, with demonstrated 
ultrahigh volumetric capacitance up to 900 F cm−3 
[13], transparent conductive electrodes and efficient 
photothermal convertors [14, 15]. Recent studies 
have demonstrated that efficiency of light-to-heat 
conversion in MXenes including Ti3C2Tx can reach 
100%, suggesting their applications in photothermal 
solar energy conversion devices as well as in novel 
photothermal tumor ablation approaches in oncology 
[21]. High electrical conductivity of Ti3C2Tx results 
in a strong absorption across the microwave and 
terahertz (THz) range and makes it a promising 
new material for electromagnetic shielding [22, 23]. 
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Abstract
MXenes is an emerging class of 2D transition metal carbides, nitrides and carbonitrides which 
exhibit large conductivity, ultrahigh volumetric capacitance, high threshold for light-induced 
damage and nonlinear optical transmittance, making them attractive candidates for a variety 
of optoelectronic and electrochemical applications. Here, we report on equilibrium and non-
equilibrium free carrier dynamics of Ti3C2Tx gleaned from THz spectroscopic studies for the first 
time. Ti3C2Tx showed high (~2  ×  1021 cm−3) intrinsic charge carrier density and relatively high 
(~34 cm2 V−1 s−1) mobility of carriers with an exceptionally large, ~46 000 cm−1 absorption in the 
THz range, which suggests that Ti3C2Tx is well suited for THz detection. We also demonstrate that 
Ti3C2Tx conductivity and THz transmission can be manipulated by photoexcitation, as absorption of 
near-infrared, 800 nm pulses is found to cause transient suppression of the conductivity that recovers 
over hundreds of picoseconds. The possibility of control over THz transmission and conductivity by 
photoexcitation suggests the promise for application of Ti3C2Tx Mxenes in THz modulation devices 
and variable electromagnetic shielding.
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Combined with thermoelectric properties of Ti3C2Tx 
MXenes, rivaling those of carbon nanotube films, large 
THz absorption also suggests potential application in 
THz detectors [10, 24]. Considering a wide range of 
potential photonic, electronic and electrochemical 
applications of MXenes, it is timely to address exisiting 
knowledge gaps to elucidate intrinsic carrier zero-
field mobility in Ti3C2Tx and understand the effects 
of photoexcitation on conductivity and ultrafast 
nonequilibrium dynamics of charge carriers.

Here, we used terahertz (THz) spectroscopy to 
study both equilibrium and non-equilibrium free car-
rier dynamics in a 16 nm thick Ti3C2Tx MXene film. 
Picosecond-duration THz pulses with the bandwidth 
of 0.25–2 THz, or 1–10 meV, are uniquely suited for 
probing microscopic conductivity and free car-
rier dynamics [25, 26]. We report native frequency-
dependent complex THz sheet conductivity, as well as 
the impact of photoexcitation with near-IR, 800 nm 
pulses on sheet conductivity and carrier mobility. 
We find that the mobility of intrinsic carriers within  
the individual metallic Ti3C2Tx nanoplatelets is 
~80 cm2 V−1 s−1. Long-range mobility within the film 
appears to be strongly suppressed by grain bounda-
ries. We observe that photoexcitation with 800 nm 
pulses results in a transient suppression of conductiv-
ity that persists for hundreds of picoseconds. Like in 
graphene and other metallic systems, photoexcitation 
raises the temperature of the entire free carrier popu-
lation, which then cools by emission of phonons and 
increasing the lattice temperature. Increased lattice 
temperature manifests in enhanced carrier scatter-
ing rate which leads to a suppressed conductivity. The 
conductivity recovers as the lattice cools by transfering 
heat both to the glass substrate underneath (vertically) 
and to the unexcited nanoplatelets within the sam-
ple (laterally). This process lasts significantly longer 
in Ti3C2Tx film than in metallic graphene, lasting for 
hundreds of picoseconds compared to picoseconds 
time scale in graphene due to inherently lower thermal 
conductivity in a film composed of Ti3C2Tx nanoplate-
lets with ~1 µm lateral dimensions.

2. Experimental methods

2.1. Fabrication of Ti3C2Tx film
Ti3C2Tx was synthesized by selective etching of 
aluminum atomic layers in Ti3AlC2 by MILD 
etching method described previously [13, 16, 17]. To 
synthesize Ti3C2Tx, 1 g of lithium fluoride (LiF) was 
added to 20 ml of 6 M hydrochloric acid (HCl) while 
stirring with a Teflon magnetic stir bar. Over the course 
of a few minutes, 1 g of Ti3AlC2 was added to the LiF/
HCl mixture and the reaction proceeded for 24 h at 35 
°C. After etching, the mixture was repeatedly washed 
with deionized water by centrifugation at 3500 rpm 
for 3 min and decantation of the acidic supernatant 
until a supernatant was obtained with a pH ~ 6. The 
supernatant was decanted, deionized water was added 

to the sediment, and the mixture was subjected to 
manual shaking for 5 min to delaminate the Ti3C2Tx 
flakes, where Tx denotes mixed –OH, –O and –F 
terminations. The solution was centrifuged for 1 h at 
3500 rpm and the supernatant was used for fabrication 
of Ti3C2Tx films by the interfacial thin film technique 
described in our previous work [7]. Representative 
atomic force microscopy (AFM) images of the film 
studied here (figure 1(a)–(c)) show that it consists of 
crystalline platelets of the average height ~16 nm and 
lateral dimensions ~1 µm. As described in detail in 
our previous work [7], scanning electron microscopy, 
x-ray diffraction and AFM showed that individual 
Ti3C2Tx laying in horizontal orientation and touching 
or overlapping one another result in a near uniform 
coverage of the substrate. No extended stacking 
in vertical direction was observed in SEM or XRD 
measurements [7]. Optical transmittance of the film is 
shown in figure 1(d). Despite the small thickness, the 
film is highly absorptive, with ~15% of incident light 
around 800 nm being absorbed.

2.2. THz spectroscopy
We investigated native conductivity of the Ti3C2Tx 
film using THz time-domain spectroscopy in the 
transmission configuration [25, 27, 28]. THz probe 
pulses were generated by optical rectification of 100 
fs, 800 nm pulses in 1 mm thick [1 1 0] ZnTe crystal. 
A combination of three off-axis parabolic mirrors 
collimated and focused the emitted THz pulses into 
a ~1.5 mm spot. The sample was placed behind the 
1.5 mm aperture in the center of the THz spot. At 
normal incidence, THz pulse probes conductivity 
in the basal plane of Ti3C2Tx film. Transmitted THz 
pulses were detected using free-space electrooptic 
sampling in the second 1 mm thick [1 1 0] ZnTe crystal. 
Coherent detection of the amplitude and phase of THz 
probe pulses in the time domain allows extracting 
the frequency-dependent complex conductivity of 
the sample by comparing the THz pulses transmitted 
through the substrate alone and the sample on 
the substrate. We have also examined the effect of 
photoexcitation on conductivity and carrier dynamics 
using optical pump—THz probe measurements [25, 
29–32]. The sample was excited by 100 fs duration, 
800 nm pulses. Optical pump beam was focused to 
~5 mm spot at the sample location, ensuring that 
the probe THz pulse interrogates optically-induced 
changes in the uniformly photoexcited portion of the 
MXene film.

3. Results and discussion

3.1. THz time-domain spectroscopy: 
native conductivity
THz time domain spectroscopy is a non-contact 
probe of conductivity, as absorption of THz radiation 
is directly related to how conductive material is. 
Figure 2(a) shows THz pulses transmitted through 
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a glass substrate alone (black curve) and through a 
~16 nm thick Ti3C2Tx film on a glass substrate. It also 
shows the change in transmission through the Ti3C2Tx 
film induced by the photoexcitation, which will be 
discussed later. The corresponding Fourier transform 
amplitude spectra of the pulses transmitted through 
the substrate alone and the sample on a substrate are 
shown in figure 2(b). Assuming that the absorption in 
the film is responsible for the observed attenuation of 
the transmitted THz radiation which is estimated to 

be ~7.7% at the peak of THz waveform, we calculate 
the average absorption coefficient for stacked Ti3C2Tx 
in the 02.  −2.0 THz range to be ~46 000 cm−1, in 
excellent agreement with theoretically predicted 
45 000–60 000 cm−1 range, and smaller but comparable 
to the theoretically prediced THz absorption of 
stacked graphene flakes (60 000–80 000 cm−1) [24]. 
Complex conductivity of the sample in the frequency 
domain (σ̃(ω))  can be calculated using a thin film 
approximation from the amplitude (figure 2(a) and 

Figure 1. AFM characterization of Ti3C2Tx films on glass substrates: individual nanoplatelets are ~16 nm thick (a) and (b) and have 
lateral dimensions of 1 µm (d). UV–VIS spectroscopy: film transmittance at 800 nm is ~85% (d). Scale bars in (a) and (c) are 1 µm.

Figure 2. THz waveforms transmitted through the glass substrate (black curve) and through the Ti3C2Tx film on the substrate (red). 
Photoinduced change in THz waveform transmission 3 ps after photoexcitation with 280 µJ cm−2, 800 nm, multiplied by 100 for 
clarity, is shown in blue. Inset shows expanded view of the same waveforms.

2D Mater. 5 (2018) 035043
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phase of the THz pulses transmitted through the 
sample on a substrate and through the substrate 

alone using a relation 
Ẽsample (ω)

Ẽsubstrate(ω)
= n+1

n+1+Z0σ̃(ω) , where 

Z0 = 377Ω is the impedance of the free space, and n 
is the substrate refractive index in THz range [25]. For 
glass, n  ≈  1.96 and can be treated as dispersionless in 
the frequency range of interest [33].

Resulting complex sheet conductivity spectrum is 
shown in figure 3(a). The periodic modulation seen at 
low frequencies is an artefact due to Fabry–Pérot inter-
ference of the THz probe pulse within the substrate, 
and we disregard it here. Complex sheet conductivity 
exhibits suppression of the real conductivity at low fre-
quencies and negative imaginary conductivity. These 
features are characteristic of a system where free carriers 
motion on the mesoscopic length scales is constrained 
by potential barriers, such as often seen in nanocrys-
talline or granular systems [27, 34, 35]. Conductiv-
ity in such systems can be well-described by a classical 
Drude-Smith model, a modification of the free carrier 
Drude conductivity that accounts for localization of 
the mobile carriers on the length scales commensurate 
with their mean free path [27, 31, 34, 36–42].

In the Drude-Smith formalism, complex fre-
quency-resolved conductivity is given as σ̃ (ω) =

σDC
1−iωτDS

(
1 + c

1−iωτDS

)
. Here, σDC = σ (0) =Ne2τDS

m∗  

is Drude weight, or the conductivity in DC limit, τDS 
is a phenomenological carrier scattering time which 
takes into account both the bulk scattering τbulk  and 
characteristic time associated with grain boundary 

scattering τboundary as 1
τDS

= 1
τbulk

+ 1
τboundary

, N is the 

charge carrier density, and m* is the carrier effective 
mass. Phenomenological c-parameter is a measure 
of carrier localization over the probed length scales. 

When c  =  0, the system is fully percolated and carri-
ers free to move throughout the sample, as described 
by the Drude model. For c  =  −1, DC conductivity is 
suppressed as the carriers are localized over short dis-
tances. In figure 3(a), solid red symbols depict exper-
imentally determined real conductivity, and open 
blue symbols—imaginary conductivity. Nearly dis-
persionless real conductivity at frequencies  <1.7 THz 
and a negative imaginary conductivity indicates a free 
carrier system with a short scattering time and locali-
zation over mesoscopic length scales due to the pres-
ence of the nanoplatelet boudaries and/or defects that 
impede free carrier motion within the film. It should 
be noted that such complex conductivity spectra can-
not be well-reproduced by the Lorentz conductivity 
model used to describe plasmon- and phonon-related 
effects, as frequency-dependent negative imaginary 
conductivity in the Lorentz model is accompanied by 
a significant dispersion in the real conductivity comp-
onent [32]. Lines in figure 3(a) represent a global fit of 
real and imaginary conductivity to the Drude-Smith 
model with τDS  =  6  ±  1 fs, and c  =  −0.97  ±  0.03. 
Drude-Smith c-parameter that is close to  −1 indicates 
that long-range conductivity in the film is strongly 
suppressed. However, even given this significant sup-
pression of long-range transport, overall conductiv-
ity of the film is very high and extrapolates to ~300 
(Ω cm)−1 at ω  =  0 due to a very large, ~2  ×  1021 cm−3 
carrier density, calculated from the Drude-Smith fit 
to the THz conductivity using zone-center electron 
effective mass of 0.2845me [43]. Intrinsic carrier den-
sity  determined from THz measurements is in rea-
sonable agreement with the value determined from 
electrical measurements on  individual nanoplatelets, 
8  ±  3  ×  1021 cm−3 [44]. Underestimation of carrier 
density in THz measurements results from averaging 

Figure 3. (a) Complex THz conductivity of the 16 nm Ti3C2Tx film. Symbols represent experimental data extracted from THz 
waveforms in figure 2, and lines—global fit of the real and imaginary conductivity to the Drude-Smith model (solid red line—fit to 
σ1, dashed blue line—fit to σ1). (b) Drude-Smith fits to σ1 and σ2 without excitation (as shown in (a)) and 3 ps following excitation 
with ~280 µJ cm−2, 800 nm pulse. (c) Change in complex THz conductivity at different times after excitation.

2D Mater. 5 (2018) 035043
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over a large, ~1.5 mm in diameter, area of the film that 
does not completely cover the surface (figure 1(c)). We 
calculate intrinsic carrier mobility, or mobility of car-
riers over mesoscopic length scales within individual 
grains to be µintrinsic =

eτDS
m∗ ≈ 34cm2 V−1 s−1. How-

ever, the long range mobility in this film is strongly 
suppressed, and can be estimated from the intrinsic 
mobility as µlong range = µintrinsic(1 + c). This calcul-
ation yields µlong range ≈ 1 cm2 V−1 s−1. It is in agree-
ment with the room temperature mobility within a 
single nanosheet of 0.7  ±  0.2 cm2 V−1 s−1 determined 
from electrical measurements [44] and supports 
our hypothesis that the free carrier motion is mainly 
impeded by the grain boundaries between different 
nanoplatelets within the thin film.

3.2. Optical pump—THz probe spectroscopy:  
non-equilibrium carrier dynamics
Many proposed application for the Mxenes involve 
their optical excitation. We studied the effects of 
photoexcitation with ~100 fs, 800 nm pulses on THz 
conductivity of the film. Linear optical absorbance 
of the film at 800 nm is ~15% based on UV–VIS 
measurements (figure 1(d)) [7]. At optical fluence of 
280 µJ cm−2, the absorbed photon flux is 17  ×  1013 
cm−2. Resulting changes in the THz pulse transmission 
at a given fixed time delay between the optical pump 
and THz probe were detected by modulating the 
optical pump beam using a chopper and recording 
the differential electric field ∆E. The change in 
transmission of the THz probe pulse 3 ps after 
photoexcitation with ~280 µJ cm−2 pulse compared 
to the transmission through the unpumped film are 
shown as a blue curve in figure 2, multiplied by 100 for 
clarity. While the change is small (<0.3%), it is clear 
that photoexcitation enhances THz transmission, 
as the amplitude of the THz probe pulse transmitted 
through the photoexcited sample is higher compared 
to the amplitude of the THz probe pulse transmitted 

through the unexcited sample. Photoinduced transient 
changes in complex THz conductivity are summarized 
in figures 3(b) and (c). For a small differential 
change in transmission, complex differential change 
conductivity at a fixed pump-probe delay time was 

calculated as ∆σ (ω) ≈ − n+1
Z0

∆E(ω)
E(ω) , where E(ω) is 

the electric field of the THz pulse transmitted through 
the unexcited film. Examples of the differential 
conductivity at 3 ps, 5 ps, and 10 ps after excitation 
with ~280 µJ cm−2 pulse are shown in 3(c). Transient 
real photoconductivity is negative at all these three 
time points, and in the entire sampled frequency 
range, demonstrating that photoexcitation suppresses 
conductivity of the film. This behavior is characteristic 
of metallic rather than semiconducting systems, and 
has been observed in graphene, thin metallic films and 
metallic RuO2 [37, 40, 41, 45–50].

We analyze the temporal evolution of the com-
plex conductivity following photoexcitation by fitting 
transient real (σ1(t)  =  σ1  +  Δσ1(t)) and imaginary 
(σ2(t)  =  σ2  +  Δσ2(t)) components to the Drude-
Smith model. Lines in figure 3(b) represent the best 
fit to σ1(t) and σ2(t) at 3 ps following photoexcitation 
along with the best fit to THz conductivity in the unex-
cited film (figure 3(a)). Like the intrinsic conductivity 
of unexcited sample described above, conductivity 
of the photoexcited sample is well-described by the 
Drude-Smith model with unchanged c-parameter 
c  =  −0.97  ±  0.03, indicating that photoexcitation 
does not affect localization of free carriers within the 
nanoplatelets. The observed change in carrier density 
is minimal, and cannot be reliably determined within 
the error of our measurement. Intraband photoex-
citation of metallic materials does not result in a free 
carrier density increase, but rather increases carrier 
scattering due to lattice heating as hot carriers couple 
to phonon modes [40]. The carrier scattering time 
τDS, determined from global fits of the real and imagi-
nary THz conductivity to the Drude-Smith model is 

Figure 4. Change in the carrier scattering rate as a function of time following photoexcitation with ~280 µJ cm−2, 800 nm pulse.

2D Mater. 5 (2018) 035043



6

G Li et al

shown in figure 4. Indeed, we find that the scattering 
time in the investigated time range 3–10 ps after opti-
cal excitation shows small but discernable decrease 
(figure 4), suggesting that increased carrier scattering 
in the major reason behind conductivity suppression. 
Improving the precision of both carrier density and 
the scattering rate would require THz measurements 
in the significantly broader spectral range.

The dynamics of the observed conductivity sup-
pression are examined in figure 5. By monitoring the 
transient change in the transmission of the THz pulse 
peak as a function of the pump-probe delay time, we 
have characterized the duration of the observed con-
ductivity suppression. Instrument-limited rise time of 
conductivity suppression is followed by the long, slow 
decay that persists for 200 ps and possibly beyond, to 
the time scale not accessible in our experiments. Fig-
ure 5(a) shows transient enhancement of THz peak 
transmission following photoexcitation with ~280 
µJ cm−2 pulse. It can be fit to a bi-exponential decay 
(red solid line) with the fast component ~7  ±  1 ps, a 
slower component ~22  ±  2 ps, and a nearly constant 
offset that represents the long-lived component that 
we cannot reliably extract. This long decay of pho-
toinduced conductivity suppression is similar to that 
observed in metallic (gold and chromium) thin films, 

and is significantly longer than in photoexcited gra-
phene that shows a recovery within only a few pico-
seconds [37, 41, 46–51]. Decreasing excitation fluence 
to ~120 µJ cm−2 linearly reduces the amplitude of the 
observed response but does not change the dynam-
ics in the studied range of excitation fluence (figures 
5(b) and (c)). In metallic materials with static density 
of free carriers, photoexcitation does not significantly 
increase free carrier density. Strong electron–phonon 
coupling facilitates rapid, over the sub-picosecond 
time scales, equilibration of hot free carrier popula-
tion with the lattice, resulting in a transient increase 
of lattice temperature. Carrier scattering is increased 
at elevated lattice temperatures, and recovery of back-
ground conductivity over time scales of hundreds of 
picoseconds represents lattice cooling as heat is trans-
ferred to the substrate and laterally—to the unexcited 
portions of the film.

4. Conclusion

We have investigated equilibrium and non-equilibrium 
dynamics of charge carriers in Ti3C2Tx nanoplatelets. 
We find that the nanoplatelets are metallic, with a high 
(~2  ×  1021 cm−3) intrinsic charge carrier density 
and relatively high (~34 cm2 V−1 s−1) mobility of 

Figure 5. (a) Photoinduced change in the THz peak transmission as a function of time after photoexcitation with 280 µJ cm−2, 
800 nm pulse. Solid line shows the fit of THz transmission enhancement to a double-exponential decay. (b) Expanded view of 
transient peak THz transmission at different excitation fluence values from 120 µJ cm−2 to 280 µJ cm−2, and (c) the corresponding 
peak THz transmission change as a function of excitation fluence.

2D Mater. 5 (2018) 035043
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carriers within individual nanoplatelets. High carrier 
density gives rise to exceptionally large, ~46 000 cm−1 
absorption in the THz range, putting Ti3C2Tx forth 
as a potential THz detector material alongside other 
2D materials such as graphene and black phosphorus  
[52–54]. Photoexcitation results in a transient 
reduction of conductivity, as hot carriers rapidly 
heat the lattice, and the elevated lattice temperature 
enhances carrier scattering. As the lattice cools over the 
time scales of hundreds of picoseconds by transferring 
heat to the substrate and to the unexcited portions of 
the film, conductivity of Ti3C2Tx nanoplatelet film 
recovers. The possibility to suppress conductivity 
and enhance THz transmission in Ti3C2Tx by 
photoexcitation makes this new 2D material an 
attractive candidate for THz modulation devices and 

variable electromagnetic shielding applications.
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