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ABSTRACT: High electrical conductivity and strong absorption of
electromagnetic radiation in the terahertz (THz) frequency range by
metallic 2D MXene Ti3C2Ty make it a promising material for
electromagnetic interference shielding, THz detectors, and trans-
parent conducting electrodes. Here, we demonstrate that ultrafast
optical pulses with wavelengths straddling the visible range (400 and
800 nm) induce transient broad-band THz transparency in the
MXene that persists for nanoseconds. We demonstrate that optically
induced transient THz transparency is independent of temperature
from 95 to 290 K. This discovery opens new possibilities for
development of switchable electromagnetic interference shielding materials and devices that can be rendered partially
transparent on demand for transmitting THz signals, or for designing new THz devices such as sensitive optically gated
detectors.
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Two-dimensional (2D) Ti3C2Ty is the first discovered
member of the MXene family.1−3 It is synthesized by

selective chemical etching of the A element (aluminum) from
the hexagonal MAX phase (Ti3AlC2).

4 As Al layers are etched
away in an aqueous environment, the formed dangling bonds
are saturated with O, F, and OH terminations. The resulting
nanoflakes (Figure 1a) have a conducting titanium carbide
core. Specific terminations, denoted by Ty, and their positions
relative to the atoms in Ti3C2 sheets influence MXene band
structure and electronic properties.5−10 Since their discovery in
2011, MXenes have shown promise for applications in energy
storage, transparent conducting electrodes, photocatalysis,
sensors, and saturable absorbers for laser modelocking.11−19

Highly conductive and flexible, Ti3C2Ty MXene has been
recently suggested as a promising material for electromagnetic
interference (EMI) shielding in the 8−18 GHz frequency
range.20−24 Ti3C2Ty demonstrated EMI shielding efficiency
(SE) of >50 dB (dB) for a 2.5-μm film which is superior to
graphene, graphite, and copper and aluminum foils.20,25 The
recently reported similarity between the adhesive properties of
Ti3C2Ty MXene and graphene makes possible layer-by-layer
assembly of planar devices combining these two 2D materials
for a variety of applications in electronics.26 An increasing
demand for higher bandwidth and rates of data transfer will in

the near future shift communications to the higher frequency
range, necessitating extending EMI shielding into the newly
designated 6G band (up to 3 THz) where international
standards for EMI are yet to be formulated.27−30

Here, we focus on EMI shielding properties of Ti3C2Ty in
the THz frequency range. Ti3C2Ty has been theoretically
predicted31,32 and experimentally demonstrated to be highly
sensitive to the THz radiation.31,33 We have also reported a
surprising effect that photoexcitation with near-infrared (800
nm) pulses suppresses conductivity in the MXene for hundreds
of picoseconds.33 That discovery led us to the idea of using
optical pulses to control the extent of EMI shielding by
Ti3C2Ty MXene. As reported below, the highly conductive
Ti3C2Ty has EMI shielding efficiency in the THz range as high
as ∼2.5 dB for the sample as thin as only 25 nm, corresponding
to a specific shielding efficiency per unit thickness of ca. 4 ×
105 dB cm2 g−1. Stemming from a combination of absorption
and reflection losses, including multiple internal reflections
between the individual highly conductive Ti3C2Ty nanosheets
within a film, EMI SE is expected to scale with the film
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thickness and can potentially reach tens of dB for films that are
several micrometers thick.20,34 Furthermore, it can be further
enhanced by depositing Ti3C2Ty films on nanoslot antenna
arrays, resulting in EMI SE of over 20 dB at 1 THz for films
with a thickness of only 150 nm.31 In this report, we show that
both 800 nm (1.55 eV) and 400 nm (3.1 eV) optical excitation
pulses result in a transient suppression of THz absorption that
lasts over nanoseconds. This possibility of dynamically opening
a few nanoseconds wide transmission window in otherwise
THz opaque material is of great interest for applications such
as tunable EMI shielding, where on-demand transparency for
transmitting signals may be desirable. We discuss possible
mechanisms behind this phenomenon and anticipate that this
work will not only inspire practical applications of metallic
MXenes in THz devices but also provide critical experimental
inputs to developing a comprehensive theoretical description
of the electronic and optical properties of MXenes, as well as
impetus for further understanding of the contribution of the
surface terminations to these properties.

■ EXPERIMENTAL METHODS
Fabrication of Ti3C2Ty Film. Ti3C2Ty was synthesized by

selective etching of aluminum atomic layers in Ti3AlC2 MAX
phase by the MILD etching method as described previ-
ously.11,20,35 MXene thin film on quartz was fabricated from a
concentrated Ti3C2Ty colloidal solution via the interfacial film
deposition method.13 About 100 μL of Ti3C2Ty colloidal
solution were mixed in 50 mL of DI water together with 5 mL
of toluene added dropwise over 5−10 min of stirring. The
dispersion was then poured directly into a beaker filled with
400 mL of DI water, and a piece of quartz substrate,
hydrophilized using Piranha solution (3 mL of 30% H2O2 + 9

mL of 98% H2SO4), was placed at the bottom. After ∼15 min,
MXene film self-assembled between water and toluene. Quartz
substrate was slowly lifted from the solution through the
interface, forming a 25 ± 5 nm-thick film, as determined by
profilometry (Figure S1). A representative atomic force
microscopy (AFM) image of the film (Figure 1b) shows that
the film is continuous and consists of overlapping nanoflakes of
sub μm lateral dimensions. The AFM image was acquired
using Park NX20 AFM operated in tapping mode. Optical
transmission of the film varies between 60% and 70% in the
400−900 nm range, suggesting a significant absorption despite
the small thickness (Figure S2).

THz Spectroscopy. We investigated properties of the
Ti3C2Ty film using THz spectroscopy in the transmission
configuration, as illustrated in Figure 1c.36−38 THz probe
pulses were generated by optical rectification of 100 fs, 800 nm
pulses in 1 mm thick [110] ZnTe crystal and focused to an
∼1.5 mm diameter spot on the sample with an off-axis
parabolic mirror. Transmitted THz pulses were coherently
detected using free-space electrooptic sampling in a second 1
mm thick [110] ZnTe crystal. To examine the effect of
photoexcitation on THz conductivity, we have carried out
optical pump−THz probe measurements, in which the sample
was excited by 100 fs, 800 or 400 nm pulses at normal
incidence via a hole in the parabolic mirror, as shown in Figure
1c.38−42

X-ray Photoelectron Spectroscopy. X-ray photoelectron
spectroscopy (XPS) measurements of Ti3C2Ty MXene were
performed using a KRATOS AXIS 165 X-ray photoelectron
spectrometer with a monochromatic Al X-ray source. XPS
investigation was performed to characterize the surface
chemistry of the prepared Ti3C2Ty MXene.

■ RESULTS AND DISCUSSION
The ∼25 nm-thick Ti3C2Ty film significantly attenuates broad-
band, picoseconds long THz pulses (Figure 1). From the THz
amplitude attenuation (Figure 1e), we calculate the absorption
coefficient of the film to be ∼2.2 × 105 cm−1 in the THz range
(Figure S3). By comparing the amplitude and the phase of the
THz pulses transmitted through the substrate alone and the
sample on a substrate in the frequency domain, we calculate
the complex THz conductivity (σ̃(ω)) of the film using the

relation
E
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impedance of the free space and n is the refractive index of the
quartz substrate in the THz range.38 The complex conductivity
spectrum is shown in Figure 1f, and the corresponding
complex permittivity is given in Figure S4. As reported
earlier,33 the real conductivity in Ti3C2Ty films is suppressed at
low frequencies by the interflake barriers and can be described
by a 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.36,41,43−50 The Drude−Smith complex
f r e q u e n c y - r e s o l v e d c o ndu c t i v i t y i s g i v e n a s
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Drude weight, τDS is a carrier scattering time, N is the charge
carrier density, and m* is the carrier effective mass. The
phenomenological c parameter, which can vary in the −1 ≤ c ≤
0 range, represents the impact of barriers such as nanoflake
edges and defects on long-range carrier transport. When c = 0,
carriers follow the classical Drude model of free electron gas

Figure 1. (a) Schematic representation of a Ti3C2Ty film: five atomic
layer thick Ti3C2 cores of individual flakes are terminated by − OH
(shown), −F, or O groups. (b) 2 μm by 2 μm AFM micrograph of
a 25 nm thick Ti3C2Ty film. (c) THz spectroscopy experiment. (d)
THz probe pulse transmitted through a quartz substrate and through
the substrate with a Ti3C2Ty film. (e) Corresponding THz electric
field amplitude, (f) complex THz conductivity (solid symbols
represent real and open symbols−imaginary conductivity compo-
nents; lines show a global fit of both components to the Drude-Smith
model). (g) EMI SE calculated from data in (e).
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conduction, and when c = −1, they are fully localized over the
short distances, resulting in complete suppression of
conductivity at ω = 0. Compared to the film used in our
previous work,33 the Ti3C2Ty film studied here is continuous,
consisting of larger overlapping flakes, which is reflected in a
much less negative c-parameter (−0.68 vs −0.97) and an ∼4
times larger DC conductivity σDC ≈ 1250 (Ω cm)−1. Using a
zone-center electron effective mass of 0.2845me,

51 we find that
the intrinsic carrier density is large, ∼2 × 1021 cm−3, in
agreement with the value determined from electrical measure-
ments on Ti3C2Ty films.52 From the scattering time (19 ± 1
fs), we calculate the intrinsic carrier mobility, or mobility of
carriers over the mesoscopic length scales within individual
flakes, to be

e
mintrinsic

DSμ = ≈τ
*

110 cm2/(V s). We find that high

free carrier density and conductivity result in the high EMI

shielding efficiency (SE), defined as ( )20 log
E

E
sample

substrate
− , as

shown in Figure 1g. It should be noted that EM shielding by
thin conductive films occurs due to a combination of reflection
and absorption losses experienced by the EM radiation, and
the reported total EMI SE contains both contributions. At
∼2.5 dB for a 25 nm film, it is comparable to the SE reported
for carbon nanotube films and composites, multilayer
graphene, and to the high THz EMI SE that has been
reported recently for metallic MXenes.31,53,54 The relatively
low density of Ti3C2Ty (ca. 2.39 g cm

−3)20 makes it particularly
attractive for EMI SE applications, as high SE can be achieved
without adding much extra weight to devices that are being
shielded. A figure of merit used to evaluate the suitability of the
material for applications where weight is relevant (such as
aerospace applications) is specific SE (SSE) per unit thickness,
defined as SE divided by density and thickness. We find that
SSE/thickness for Ti3C2Ty in the THz range is very high at ∼4
× 105 dB cm2 g−1 (Figure S3). Although not many reports exist
on EMI SE characteristics of materials in the THz range,
making comparison to accepted standard THz EMI shielding
materials impossible, this number is 1−2 orders of magnitude
higher than that for metals (Al, Cu) in the GHz range.20

Having established that the 25 nm thick Ti3C2Ty has
excellent THz shielding properties, we now turn to the main
subject of this report, which is manipulation of EMI SE in the
THz range by optical excitation. We find that both 800 and
400 nm light pulses enhance transmission of the THz pulses.
The overall dynamics of this phenomenon are represented by
the relative change in transmission of the THz probe pulse
peak (Figure 2). As shown in Figure 3, the frequency-resolved
transient change in EMI SE at different times after excitation
with 800 nm pulse in reveals that EMI SE is suppressed over
the entire bandwidth of the THz probe (0.25−2.25 THz), with
the magnitude of the effect exhibiting a slow monotonous
increase with frequency. This EMI SE suppression is a direct
result of the photoinduced transient decrease in the real
conductivity component σ1 over the entire experimental
frequency range (Figure S5), as the power absorption of
electromagnetic radiation is directly proportional to the real
part of the conductivity in the corresponding frequency
range.55

We now turn to the dynamics of the observed suppression of
conductivity and EMI SE as represented by the transient
increase in the THz probe pulse transmission (Figure 2).
Following a fast rise immediately after the optical excitation at t
= 0, photoinduced THz transparency decays over the next

hundreds of picoseconds, and the decay dynamics differ for
800 and 400 nm excitation. For the purpose of drawing
comparisons between the effects of the two excitation
wavelengths, we fit the experimental data in Figure 2 to a
multiexponential decay function. We find that including three
decaying terms and a constant adequately captures the
dynamics of the transient change in transmission within the
experimental time window. Thus, the solid lines in Figure 2 are
fits of the experimental data using the function

( )( ) ( )A A A Aexp exp expT t
T

t
t

t
t

t
t

( )
0 1 2 3

1 2 3
= + − + − + −Δ ,

where t1, t2, and t3 are decay times, A1, A2, and A3 are the
corresponding amplitudes, and A0 is the amplitude of transient
component or components with long, >1 ns decay times that
cannot be accurately determined from our data. A summary of
the fitting results for both 800 and 400 nm excitation is
presented in Figure 4 and Figure S6. The following
observations can be made:
For both 800 and 400 nm pump excitations, the peak of

transmission enhancement is linearly dependent on the
excitation fluence in the fluence range studied here. On this
conjuncture it is worth comparing the magnitude of the

Figure 2. (a) Photoinduced change in the THz peak transmission as a
function of time after photoexcitation with 800 nm (a, b) and 400 nm
(c, d) pulses with excitation fluence values given in the legends. Panels
(b) and (d) show expanded views of the initial decay profiles in (a)
and (c). Thick solid lines are fits of the experimental data to the
multiexponential decays.

Figure 3. Photoinduced change in EMI SE at different times following
excitation with 800 nm, 950 μJ/cm2 pulse.
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transient THz transparency observed here to that observed in
the earlier work where a slightly thinner (∼16 nm), less
continuous film with nearly four times lower DC conductivity
was used.33 We find that, for similar excitation fluence with a
800 nm optical pump, the peak of ΔT/T is nearly twice as
large in the present study, suggesting that the magnitude of
transient conductivity suppression is a function of not only
MXene film thickness but also film conductivity.
By examining the excitation fluence dependence of the

transient THz transparency dynamics, we find that the three
decay times, t1, t2, and t3, become longer with increasing
excitation fluence. The three measured decay times are shorter
for 400 nm excitation compared to 800 nm. The relative
contribution of the fastest decay to the relaxation of the
photoinduced conductivity suppression, 0.6−1.6 ps for 800 nm
excitation and 0.2−0.4 ps for 400 nm, decreases with
increasing fluence (Figure S6). If this fast decay is associated
with relaxation of certain photoexcited states, which are yet to
be identified, this observation would suggest that the density of
those states is limited. This effect is more pronounced for 400
nm excitation.
To understand the mechanism responsible for this long-lived

suppression of conductivity in a thin metallic MXene film that
results in the observed enhancement of THz transmission, we
turn to reports on other metallic systems that exhibit similar
phenomena.
The response of metals to an ultrafast optical excitation is

vastly different from that of semiconductors. In semi-
conductors, the dominant effect of photoexcitation is an
increase in carrier density and, consequently, positive photo-
conductivity. At a high photoexcited carrier density, an
increase in conductivity in semiconductors due to injection
of carriers is tempered by the reduction of mobility due to
enhanced carrier−carrier scattering.56 Transient conductivity
changes in metals result from a combined effect of intraband

and interband transitions, with interband excitations playing a
dominant role for photon energy above the interband
transition threshold.57−59 However, the interband excitation
of a metal often does not lead to a significant change in the free
carrier density. In this case, the sign of the photoinduced
conductivity change is typically negative, as it is dominated by
a reduction of carrier mobility in response to the increase in
carrier and lattice temperature.48,60 Ultrafast optical excitation
generates a highly nonequilibrium population of electrons
which rapidly (over subpicosecond time scales) equilibrate by
electron−electron scattering and form a Fermi distribution
with a collective hot electron temperature Te that can reach
thousands of Kelvin above the lattice temperature.57,58,61 Over
the next ∼1−10 ps time period, hot carrier bath cools and
equilibrates with the lattice by carrier-phonon scattering. At
this point, an increased lattice temperature is responsible for
the reduction in the electrical conductivity. The final stage of
the recovery after ultrafast optical excitation is significantly
slower (time scale ≈ hundreds of picoseconds),57,58 as it is
driven by the lattice temperature gradients that form in the
sample and is limited by the phonon diffusion. If the film
thickness is on the order of the optical penetration depth and/
or hot carrier diffusion length, then the final relaxation is
limited by the thermal boundary resistance between the film
and the substrate that supports it. Among 2D materials,
reduction of conductivity after interband excitation with
ultrashort optical pulses has been observed in highly doped
or gated graphene and explained by redistribution of energy
from photoexcited electron−hole pairs to initially unexcited
free electrons, resulting in their heating via either the direct
conversion of excess energy into electronic heat or its
dissipation into optical phonons.62−64 The resulting reduction
in conductivity recovers in ∼2 ps, several orders of magnitude
faster than the recovery time we observe in Ti3C2Ty film.
For the ∼25 nm thick MXene film composed of metallic

Ti3C2Ty nanoflakes, the transient conductivity suppression
with excitation energies of 1.55 eV (800 nm) and 3.1 eV (400
nm) results in both intra- and interband carrier excitations that
contribute to hot carrier generation by promoting carriers from
the Fermi energy EF into higher energy states (former) or by
generating new electron−hole pairs (latter). Carrier−carrier
scattering then establishes a hot carrier distribution with carrier
temperature TC that is higher than the lattice temperature TL,
followed by a rapid (approximately picoseconds) equilibration
of carrier and lattice temperature via the carrier-phonon
scattering. The typical time scales for these processes are
commensurate with the observed fast relaxation process t1,
suggesting that the initial fast recovery of conductivity
suppression might indeed be due to the combined effect of
these processes, i.e., carrier−carrier and carrier−lattice
thermalization. The difference in t1 for 400 and 800 nm
excitation may then be explained by the dependence of the
scattering rates on carrier excess energy, while lower t1 at
increased fluence may result from a more efficient screening of
carrier−lattice interactions at higher carrier density.65

Ultimately, the end result of carrier−carrier and carrier−
lattice equilibration, occurring over the first few picoseconds
following ultrafast optical excitation, is an increased lattice
temperature. How quickly does the film return to the ambient
temperature, and is this laser-induced transient heating
responsible for the observed long-lived conductivity suppres-
sion in a Ti3C2Ty film?

Figure 4. Fitting parameters resulting from fitting transient photo-
induced THz probe peak transmission enhancement to a three
exponential decay function: peak and decay times for 800 nm
excitation (left, red symbols) and 400 nm excitation (right, blue
symbols).
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The thermal properties of Ti3C2Ty films are still largely
unexplored. A specific heat in the range 1.1−1.5 MJ m−3 K,
depending on termination Ty, has been theoretically calculated
for an isolated monolayer.66 Measurements of thermal
conductivity, which determines how quickly the photoexcited
area would cool to ambient temperature, vary from 2.84 to
55.8 W m−1 K−1.67,68 Thermal boundary conductance at
ambient temperature between a Ti3C2Ty film and a substrate,
which governs heat flow from the photoexcited film to a
substrate, has been recently reported for the Ti3C2Ty/SiO2/Si
interface to vary from 10 to 27 MW m−2 K−1 depending on the
presence of absorbents.69

Temperature-dependent measurements of electrical con-
ductivity of Ti3C2Ty films have shown that conductivity either
remains unchanged when the temperature is varied from 80 K
to room temperature or increases by only a few percent with
increasing temperature.3,5,67 The insensitivity of conductivity
to the lattice temperature casts doubts over the thermal origin
of the observed long-lived conductivity suppression following
the photoexcitation.
To shed more light on this, we have carried out THz-TDS

and optical (800 nm) pump-THz probe spectroscopy
measurements at 95 K. We find that EMI SE at 95 K is the
same as at room temperature (Figure 5a), as the real THz

conductivity component exhibits no change when the film
temperature is reduced from 290 to 95 K (Figure S7). This
finding is in agreement with conventional temperature-
dependent measurements of Ti3C2Ty DC conductivity.3,5,67

The unexpected finding is that of the insensitivity of the optical
excitation-induced reduction in EMI SE and its relaxation
dynamics to a temperature change from 290 to 95 K (Figure
5b, 5c and Figure S8). This result effectively rules out the slow
cooling of the photoexcited film by transferring heat to the
substrate or laterally, to unexcited portions of the film, as a
reason for the slow relaxation of the optically induced THz

transparency. Parameters such as thermal conductivity and
thermal boundary conductance are expected to be temperature
dependent, and in fact, the study that found little to no change
in the electrical conductivity between 95 and 290 K also found
that the thermal conductivity changes by more than a factor of
2.67 We therefore conclude that, while the lattice temperature
must be increased by the photoexcitation, it does not play a
major role in conductivity suppression in metallic MXenes,
unlike conventional metals, and cannot explain the observed
phenomenon of transient conductivity suppression by optical
pulses.
Additional experiments as well as theoretical investigations

of the ultrafast photoexcitations in metallic MXenes are
necessary to uncover the mechanisms reponsible for this
remarkably long-lived conductivity suppression and reduction
of EMI SE. With future studies in mind, we put forth the
following hypothesis: the complete picture of the photo-
induced effects in MXenes must necessarily consider the role
played by the terminations, Ty (F, OH, O, and their
combinations). Multiple theoretical studies showed that
MXene surface chemistry plays an important role in transport
properties.5−8,70,71 Specifically, fluorine enhances conductivity
compared to the bare Ti3C2 by introducing additional
extended electronic states outside titanium carbide cores,
while the termination of the surface by oxygen introduces
localized states near the oxygen and carbon atoms and reduces
overall conductivity.6−8 Moreover, since MXenes are reactive
toward water, their surface chemistry and composition may
change over time.72 DFT calculations have also shown that
optical absorption in the 1.0−4.5 eV range is significantly
lower in F and OH terminated Ti3C2 compared to the bare and
O-terminated one.9 Typically, Ti3C2Ty features a combination
of all of these terminations. It is then possible that optical
excitation with 1.55 eV (800 nm) or 3.1 eV (400 nm) photons
excites some of the localized states associated with specific
surface terminating groups. The resulting localized charges on
the nanoflake surface change the electrostatic potential profile
within the conductive cores, which has been theoretically
predicted to impact transport properties.6 The origin of the
long-lived conductivity suppression may be the relaxation of
those localized surface excitations occurring over hundreds of
picosecond or longer. Differences in optical absorption at 400
and 800 nm for different surface-related localized states may
then explain the variation in relaxation dynamics of
conductivity suppression for these two excitation wavelengths,
while the slowing of the relaxation at higher excitation fluence
may turn out to result from saturation of the intermediate
states that take part in relaxation. In our Ti3C2Ty, a mix of
−OH, −O−, and −F terminations is present, as evident from
XPS studies (Supplementary Figure S8 and Table S1). While
MXene films with homogeneous terminations are yet to be
demonstrated, several approaches to tailoring the nature of
terminations by treating as-synthesized MXenes with bases
such as NaOH or LiOH to replace −F terminations with −OH
or with acids such as HCl to attach trace −Cl are now being
developed.73,74 Thus, the future experimental studies with
Ti3C2Ty films with specific, well-defined surface terminations,
as well as more detailed theoretical investigations of their
optical and transport properties, will resolve the unanswered
questions about the role of terminations in optically induced
enhanced THz transmission.
In conclusion, we find that flexible and solution-processable

thin Ti3C2Ty films have high THz conductivity and exhibit

Figure 5. (a) EMI SE at 290 and 95 K. (b) Transient change in
transmission of THz probe pulse peak after excitation with 800 nm,
950 μJ/cm2 pulse at 290 and 95 K. (c) Change in EMI SE 2 ps after
photoexcitation at 290 and 95 K with 800 nm, 950 μJ/cm2 pulse.
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highly efficient EMI shielding properties in the THz range.
Their shielding efficiency can be reduced on demand for
nanoseconds-long time periods by ultrashort optical pulses, a
functionality that is independent of temperature from at least
95 K to the room temperature. These unique properties make
Ti3C2Ty Mxene promising for THz EMI shielding where
dynamical control over the SE is needed, such as when it is
desirable to open on-demand THz communication channels. A
transient increase in THz transmission by a few percent may
be sufficient for short-range point-to-point communications
that are now envisioned for THz communications.75 Another
area where applications are possible is in THz devices. For
example, on demand optically gated THz transparency may be
required for sensitive THz detectors. The flexibility of Ti3C2Ty
and other MXenes and their compatibility with a variety of
substrates further add to the attractiveness of this emergent
class of 2D materials for applications in THz technology and
EMI shielding applications.
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