Diamond & Related Materials 165 (2026) 113690

ELSEVIER

Contents lists available at ScienceDirect
Diamond & Related Materials

journal homepage: www.elsevier.com/locate/diamond

L))

Check for

Ultrafast electron cooling in TigCoTy MXene revealed by time-resolved | e

photoemission spectroscopy

Jurij Urbanéi¢ *", Fyodor Malchik ", Kaiyrgali Zhumadil °, Gian Marco Pierantozzi ¢,
Monika Schied ¢, Sara Dottorini ©, Riccardo Cucini ¢, Pietro Parisse ©, Giorgio Rossi ,
Rokaya Osama “, Lakshmi Rajan“, Egon Pavlica®, Barbara Ressel *

2 University of Nova Gorica, Vipavska 13, Nova Gorica, 5000, Slovenia

Y al-Farabi Kazakh National University, Faculty of Chemistry and Chemical Technology, Almaty, Kazakhstan
¢ CNR-Istituto Officina dei Materiali, Unita di Trieste, Strada Statale 14, km 163.5, 34149, Basovizza, TS, Italy

d Dipartimento di Fisica, Universita degli Studi di Milano, Via Celoria 16, 20133, Milano, Italy

ARTICLE INFO ABSTRACT

Keywords:

TizCoTx

MXene

High-harmonic generation
HHG

Time-resolved
Photoelectron spectroscopy

Ultrafast electron dynamics in a TizCaTy MXene thin film (where Ty denotes surface terminations) were inves-
tigated using time-resolved photoemission spectroscopy with temporal resolution of 110 fs. Near-infrared optical
excitation at 800 nm induces a transient redistribution of electronic states in the vicinity of the Fermi level,
which is directly probed using extreme-ultraviolet (26.5 eV) pulses. The measured signal reveals a rapid
modification of the electronic distribution immediately after excitation, followed by relaxation on sub-0.5 ps
timescales, as quantified by the evolution of the electronic temperature. These results provide direct insight into

hot-electron lifetimes and open the study of relaxation pathways in MXene thin films, establishing a framework
for further understanding and optimizing their performance.

1. Introduction

Femtosecond time-resolved photoelectron spectroscopy (tr-PES) has
emerged as a powerful tool for probing electron dynamics in solids,
providing direct access to the fundamental interactions that govern
energy redistribution on ultrafast timescales [1-6]. In this technique, an
optical pump pulse excites the system out of equilibrium, followed by a
time-delayed probe pulse that photoemits electrons and maps the tran-
sient electronic structure. Using extreme-ultraviolet (XUV) from the
high-harmonic-generation (HHG) process [7,8] as probe can overcome
the limitations of visible and ultraviolet light from traditional laser
sources [9,10]. This provides access to a broader range of energy and
momentum space below the Fermi level. Through this nonlinear process,
intense femtosecond laser pulses are focused into a noble gas, generating
coherent radiation at odd integer multiples of the driving laser fre-
quency, reaching even soft x-rays [11-13]. This expanded phase space
has made HHG-based tr-PES a key method for investigating nonequi-
librium electronic structure in emerging quantum materials [14]. In
particular, it has enabled direct tracking of ultrafast spectral-weight
redistribution, gap dynamics and the collapse or recovery of collective
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order in charge-density-wave [15,16] and superconducting systems
[17,18].

Beyond the bulk systems, this method has also proven to be partic-
ularly powerful in the investigation of two-dimensional (2D) materials.
Graphene, serving as a benchmark, has been studied to directly resolve
hot-carrier thermalization and subsequent cooling through electron-
phonon coupling [19,20]. Motivated by these advances, attention has
been turned to TizCyTx (Where Ty denotes surface termination groups
depending on the synthesis and delamination procedures [21]), the first
[22] and most extensively studied member of emerging 2D materials
called MXenes [23,24]. Recent advances in synthesis and thin-film
fabrication have led to its electrical conductivities exceeding 24 x
10° S/cm [25], making Ti3CyTx one of the most conductive solution-
processed materials reported to date. In addition, the investigation of
its charge carrier mobility demonstrated the highest experimentally
measured charge-carrier mobility in MXene thin films, reaching values
of up to 279 cm?/Vs [26]. However, despite this rapid progress in
macroscopic transport performance, direct experimental constraints on
the ultrafast, microscopic charge-carrier relaxation pathways in MXene
thin films remain limited. As a result, the underlying hot-carrier
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dynamics are not yet fully understood.

While previous time-resolved studies of MXenes have relied pri-
marily on optical pump-probe methods [27-31], this work, to the best
of our knowledge, presents the first tr-PES measurements on Ti3CyTx. By
employing the HHG-generated XUV probe at 26.5 eV, we report the
femtosecond nonequilibrium electronic response of the MXene thin
films following optical excitation with an 800 nm pump beam. Ana-
lysing pump-induced changes in the photoemission lineshape in the
vicinity of the Fermi edge, we extract the time-dependent electronic
temperature increase and subsequent cooling. This relaxation dynamics
is characterized by a decay time of 138 fs, reflecting rapid energy
dissipation of photoexcited carriers via an efficient scattering with op-
tical phonons. Such rapid thermalization is expected to favour photo-
thermal and bolometric responses, while posing a challenge for device
concepts that require long-lived hot carriers.

2. Experimental part
2.1. MXene synthesis and sample preparation

To obtain an aqueous suspension of delaminated Ti3CoTy flakes, the
TigAlC, MAX phase was selectively etched and subsequently delami-
nated. In a typical procedure, 1.6 g of LiF was dissolved in 20 ml of
concentrated hydrochloric acid under constant stirring in a plastic
container. After complete dissolution, 1 g of TizAlC, was slowly added in
small portions to avoid rapid hydrogen evolution. The mixture was
stirred for 48 h at 35 °C on a sand bath.

The resulting suspension was washed repeatedly with distilled water
by centrifugation (3500 rpm, 5 min) until the supernatant reached a pH
of approximately 5.0-5.5, thereby removing residual aluminium-
containing species. The washed material was then subjected to ultra-
sonication (5 min, 100% power) to promote delamination, followed by
centrifugation (3500 rpm, 5 min) to separate delaminated flakes from
non-exfoliated particles. The concentration of the resulting aqueous
MXene suspension was determined by vacuum filtration and was found
to be approximately 10 mg/ml.

For thin-film deposition, the aqueous Ti3C, Ty suspension was diluted
in methanol to a final concentration of 0.5 mg/ml. The use of methanol
as a solvent facilitates spray coating by reducing surface tension and
enhancing solvent evaporation during deposition. The MXene film was
deposited onto Si substrates with a 230 nm thick SiO2 layer using a
spray-coating technique with a micro-compressor-assisted spray gun.
Prior to deposition, the substrates were sonicated in acetone and dried
under an argon flow. During the coating process, the substrates were
maintained at 80 °C, and the deposition time was fixed at 15 s, resulting
in films with a thickness of approximately 20 nm (see Supplementary
Information).

As MXenes are known to degrade upon exposure to ambient condi-
tions, even in the solid state [32,33], their exposure to air was mini-
mized by sealing the samples in a transport container filled with
nitrogen. The samples were exposed to the atmosphere only briefly
during transfer into the experimental chamber.

2.2. Experimental setup for time-resolved photoemission spectroscopy

Time-resolved XUV photoemission spectroscopy measurements were
performed at the NFFA-SPRINT laboratory [34,35], located at CNR-IOM
(Trieste, Italy) within the NFFA infrastructure. The XUV probe pulses
were generated via the HHG process driven by the Twin-PHAROS (Light
Conversion) laser system operating at a fundamental wavelength of
1030 nm and a 50 kHz repetition rate. After frequency doubling, the
shorter-wavelength output was used to drive the HHG process, which is
particularly well suited for time-resolved photoemission spectroscopy
due to its improved efficiency and temporal resolution [36]. A separate
portion of the laser output was routed to an optical parametric amplifier
(OPA) to generate the pump pulses used to excite the sample.
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In the present experiment, the overall temporal resolution, deter-
mined from the pump-probe cross-correlation in other experiments with
the same setup, was 110 fs (Gaussian FWHM). The sample was excited
using 800 nm pump pulses with a fluence of 250 pJ/cm? while the
photoemission was probed using 26.5 eV XUV pulses. Both pump and
probe beams were p-polarized and focused to a spot diameter of
approximately 250 pm and 100 pm respectively on the sample surface.
All measurements were performed at room temperature under ultrahigh
vacuum conditions, with a base pressure of about 1 x 1071° mbar.

3. Results and discussion
3.1. Structural and surface characterization

X-ray diffraction (XRD) of the prepared film (Fig. 1a) exhibits a
dominant (00I) reflection at 20 = 7.8° and a weaker feature at 16.25°,
corresponding to (002) and (004) planes of stacked flakes, respectively.
These peaks give interplanar spacings of 11.35 A and 5.45 A, consistent
with previously reported diffraction signatures of MXenes [37-39]. The
absence of additional sharp reflections suggests no detectable crystalline
impurity phases (e.g., residual MAX) within the sensitivity of the mea-
surement. The dominance of (000) peaks indicates a strongly preferred
orientation, consistent with flakes lying parallel to the substrate, while
the presence of the (004) harmonic confirms a well-defined lamellar
repeat spacing in the stacked film. Higher-order (00l) reflections are
expected but are too weak to resolve, consistent with the thin-film ge-
ometry and peak broadening from limited stacking coherence and
interlayer disorder.

Prior to the photoemission measurement, the sample was cleaned in
situ by stepwise annealing under ultrahigh vacuum conditions. The
annealing sequence consisted of heating to 100 °C for 45 min, followed
by 350 °C for 10 min, and finally 500 °C for 10 min. This procedure was
chosen to remove surface contamination in order to improve the quality
of the static XUV photoemission spectrum. We note that this treatment
can modify the relative population of surface terminations. Therefore,
the tr-PES data reported below probe the annealed, in situ cleaned
Ti3CoTy surface state rather than the as-prepared ambient-exposed film.

To assess the annealing procedure, X-ray photoelectron spectroscopy
(XPS) was used to monitor the surface composition and termination
chemistry of the MXene film before and after in situ cleaning (Fig. 1b).
With reduced contamination, the Ti 2p appears stronger and sharper,
while the lower C 1 s intensity is consistent with the removal of
adventitious carbon. Changes in O 1 s suggest desorption of ~OH surface
terminations or their transformation into more stable =0 terminations,
while the F 1 s peak indicates fluorine terminations remain, although in
smaller amounts since the initial signal is suppressed by the contami-
nation [40,41]. In addition, the static XUV photoemission spectrum
measured before and after annealing shows a substantially clearer Fermi
edge after cleaning (Fig. S2, Supplementary information), which was the
key requirement for the subsequent tr-PES analysis. Thus, the annealing
was primarily motivated by the need to obtain a sufficiently clean and
well-defined electronic spectrum for pump-probe measurements.

3.2. Ultrafast electronic response

In Fig. 2 we summarize the photoemission response of the TizCyTx
MXene thin film under femtosecond optical excitation at 800 nm. Fig. 2a
shows the static photoemission spectrum recorded in the absence of the
pump pulse, featuring a well-defined Fermi edge plotted on an energy
axis referenced to the Fermi level (E — Er = 0) and no band gap at the
Fermi level, consistent with the metallic character of the Ti3CyTy
[42-44]. To explore how this electronic structure evolves following
optical excitation, Fig. 2b presents the photoemission intensity map
recorded over the same energy window as Fig. 2a, plotted as a function
of the pump-probe delay. This two-dimensional map reveals the tem-
poral evolution of the photoemission signal across the Ep, showing a
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Fig. 1. (a) XRD spectra of the Ti3C,Ty thin film. The main reflection at 20 = 7.8° corresponds to an interlayer spacing of 11.35 A, while the weaker feature near
16.25° (& 5.45 A). (b) Effect of the annealing on the XPS spectrum at various elemental peaks. The improvement of the peak shape and intensity is due to the removal

of contaminants, mainly carbon and water.

redistribution of spectral weight immediately after excitation.

To isolate the pump-induced response from the static background,
the equilibrium spectrum recorded at negative delay was subtracted
from the time-resolved data, yielding the differential photoemission
map shown in Fig. 2c. The differential map was obtained by subtracting
the average spectrum at negative delays. Therefore, the pre-pump signal
is zero only on average, while the remaining weak fluctuations reflect
statistical noise. This representation enhances the transient response,
revealing a pronounced positive signal above the Fermi level (filling of
states) accompanied by a corresponding negative signal below it
(depletion of states). The asymmetric nature of the signal with respect to
the Ep is characteristic of nonequilibrium carrier excitation and subse-
quent relaxation, consistent with the formation of a transient hot-
electron distribution. We note that the depletion appears longer lived
than the filling. A plausible interpretation is that the positive signal
tracks the rapid decay of the hottest carriers, while the negative response
may additionally include the contribution of a small pump-induced
spectral shifts or line-shape distortions that relaxes more slowly than
the hot-electron population [45]. However, resolving this quantitatively

would require a wider delay window and a more detailed multi-
component analysis, which is beyond the scope of the present work.

A quantitative assessment of the transient electronic response is
obtained from photoemission spectra in the vicinity of Ep, as shown in
Fig. 3a for selected pump-probe delays. The spectra are fitted using a
Fermi-Dirac distribution convoluted with a Gaussian function, which
accounts for the finite experimental energy resolution (around 120 meV
FWHM). This approach provides a description of the transient occupied
electronic distribution and allows us to extract effective quasi-thermal
electronic temperature T,(t) from the Fermi-edge broadening [46].
Because the temporal resolution of the experiment is 110 fs, possible
non-thermal contributions at the earliest pump-probe delays cannot be
fully resolved. Accordingly, the extracted T, should be interpreted as an
effective electronic temperature: its rise reflects pump-induced elec-
tronic heating, while the subsequent decay describes cooling of an
approximately thermalized electronic distribution. For completeness,
the full fit model and the associated fit parameters are provided in the
Supplementary information.

We then plot the temperature change ATe(t) = T,(t) — Tep (Where Tep
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Fig. 2. (a) Photoemission energy distribution curve (EDC) of the TizCxTy thin film recorded without optical excitation, plotted as a function of energy referenced to
the Fermi level (E — Eg). (b) Time-resolved photoemission intensity map versus pump-probe delay, showing the pump-induced redistribution of spectral weight near
Eg. (c) Differential photoemission map obtained by subtracting the equilibrium spectrum at negative delays, highlighting transient gain (red) and loss (blue) features.
The data reveal ultrafast excitation followed by sub-picosecond relaxation of hot electrons.
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Fig. 3. (a) Photoemission spectra (shown as points) around the Fermi level taken at different temporal intervals of the pump-probe delay and fitted with a Fermi-
Dirac distribution convoluted with a Gaussian function, shown as solid line. (b) The extracted electron temperature change (AT,) as a function of pump-probe delays
with the corresponding fit from Eq. (1) (red line). (c) Overview of timescales for characteristic ultrafast processes in solids adapted from [47]. This figure includes
plasmon dynamics, dephasing of collective excitations, electron-electron scattering, electron-phonon/polaron relaxation and true-exciton processes. The vertical blue
line represents relaxation time extracted from the fit.
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is the average electronic temperature extracted at negative delays from
the same analysis - see Supplementary information), as a function of
pump time delay (displayed in Fig. 3b). This pump-induced temperature
change is a reliable quantity describing the heating and cooling of the
electron system. Because the observed dynamics approach the experi-
mental time resolution (110 fs), we model the T, evolution with an
instantaneous rise followed by an exponential decay, convoluted with a
Gaussian instrument response representing the resolution of the setup:

AT, pmeas(t) = B[H(t — to)e™ =)/ @ IRF(¢) ]. ¢h)

The measured electronic temperature ATe meas(t) models the pump-
induced change in electronic temperature as an exponential relaxation
that starts at the pump arrival time ty, enforced by a Heaviside step
function H(t — tp). The intrinsic response is convolved with a Gaussian
instrument response function IRF(t) to account for the finite pump-p-
robe time resolution. The fit parameters B and 7g describe the amplitude
of heating and the characteristic relaxation time, respectively. Its quality
was evaluated by inspecting the residuals (shown in the Fig. S4, Sup-
plementary information).

From this analysis and within the experimental time resolution, the
electronic response exhibits a fast rise that reaches its maximum within
~200 fs (from onset to peak). Following excitation, the electronic
temperature decays with a characteristic time of 7z = 138 fs, indicating
rapid energy dissipation of the photoexcited carriers. The maximum
electronic temperature reached after excitation corresponds to a

(@)

—————p— electron
~AAAAA~~ photon
Coulomb interaction

phonon

Photon absorption

Diamond & Related Materials 165 (2026) 113690

transient temperature increase of about 220 K relative to the baseline.
Interestingly, the electronic temperature does not fully return to the
initial pre-pump baseline within the measured window.

3.3. Phonon-assisted relaxation pathways

Placing the extracted relaxation timescale into a broader physical
context, Fig. 3c summarizes the characteristic temporal regimes asso-
ciated with different ultrafast excitation and relaxation processes in
solids [47]. The blue line is the experimentally determined decay time.
Our sub-ps response falls within the electronic thermalization and
cooling window: the initial rapid rise is consistent with electron-electron
scattering that establishes a hot Fermi-Dirac distribution, while the
subsequent exponential decay reflects energy transfer from hot electrons
to the lattice via electron-phonon coupling.

To aid the microscopic interpretation of the extracted relaxation
time, Fig. 4a schematically summarizes the sequence of elementary
processes involved. First, an absorption of the 800 nm pump photon by
the electron produces a non-equilibrium electronic distribution. This is
followed by a rapid electron-electron scattering regime, mediated by the
screened Coulomb interaction, which efficiently redistributes energy
within the electronic subsystem and establishes a hot Fermi-Dirac dis-
tribution. The subsequent decay of the electronic temperature observed
here is instead attributed to energy transfer from the hot electrons to the
lattice, governed primarily by electron-phonon scattering, i.e. a hot

Electron-electron scattering and

thermalization

Phonon emission
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Normalized intensity (arb. units) ~—

200 300 400
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Fig. 4. Graphical illustration of the (a) electron-photon absorption, thermalization via the electron-electron scattering and electron-phonon relaxation process. (b)

Raman spectra of the MXene thin film.
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electron relaxes by emitting a phonon and scattering into a lower en-
ergetic state. More generally, hot carriers with sufficient excess energy
can relax efficiently via optical-phonon emission, which commonly
provides a fast initial energy-loss channel [48].

Beyond describing relaxation as a sequence of individual scattering
events, electron-phonon interactions can also be viewed in terms of
polaron formation, where a conduction electron becomes dressed by a
surrounding lattice distortion. In Ti3CyTy, this behaviour has been dis-
cussed in terms of coupling to optical phonons, with reported mo-
mentum scattering times (z,) on the order below 70 fs at room
temperature [29]. While 7, characterizes momentum relaxation, its
magnitude provides a useful yardstick: g =~ 138 fs corresponds to
around two momentum-scattering times (7g/7y &~ 2), consistent with
very efficient electron-to-lattice energy transfer. Comparable sub-200-fs
carrier-phonon relaxation has been reported in ultrafast transient-
absorption measurements, which yield a room-temperature carrier—
phonon coupling time constant 7._p, of 115 fs [28].

To this end, we consider the Raman-active optical phonon modes of
Ti3CoTyx and their characteristic energies. Raman spectroscopy (Fig. 4b),
which probes zone-centre phonons, reveals three Ti3CoTy peaks at
approximately 191, 616 and 708 cm L. The peak at 708 em lis assigned
to the A14(C) mode and is dominated by carbon vibrations, while the
band near 191 cm ! corresponds to the A14(Ti, C, O) mode [49]. The
feature at 616 cm ™! is assigned to the Eg(C) mode [50]. In addition, the
peaks near 500 and 780 cm ™! are attributed to the Si substrate and SiOs,
respectively.

Table 1 summarizes the experimental parameters extracted from the
Raman spectra. The phonon modes correspond to emitted phonon en-
ergies (Epp) of 23.6, 76.4 and 87.78 meV, respectively. Whether these
modes act as an efficient cooling channel depends not only on their
energies, but also on their thermal population, which sets the balance
between phonon emission (cooling) and absorption (re-heating). The
relative likelihood of phonon absorption versus emission is governed by
the Bose occupation N(Ej,)

1

S 2
exp(Epn /kpTy) — 1’ @

N (Eph) =

where T is the lattice (phonon) temperature. For electron—phonon
scattering, the elementary phase-space factors scale as Wep, o (N + 1) for
phonon emission and Wps N for absorption, giving [51,52].

Was N
Wem N+1

At T = 300 K, this yields Waps/Wem ~ 3.4 x 1072 for the 708 cm ™
mode, i.e. the phonon absorption is only about 3.4% as likely as phonon
emission. The corresponding values are 5.2 x 1072 (5.2%) for the 616
ecm ! and 4.0 x 107! (40%) for the 191 cm~! mode. Thus, cooling via
phonon emission is strongly favoured for the high-energy mode, while
the lower-energy mode remains more thermally populated and can
exhibit appreciable absorption. Under these conditions, the highest-
energy optical phonon provides an efficient cooling channel, since the
emission of one to two such phonons per hot carrier is sufficient to
remove about 87 to 174 meV.

Comparing this to the characteristic thermal energy kgT. (Fermi-
Dirac broadening) of the electronic distribution, the range 300-525 K
corresponds to 26-45 meV. Therefore, emission of only a few optical
phonons is consistent with efficient phonon-mediated cooling. It should
be emphasized that the present tr-PES analysis constrains the net elec-
tronic cooling rate, not the energy exchanged in individual scattering
events. Hence, the “few-phonon” estimate should be viewed as an order-
of-magnitude consistency check rather than a direct experimental
determination.

= exp(prh/kBTl). (3)
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Table 1

Experimental Raman bands of the Ti3C,Ty MXene thin film, with frequency,
phonon energy, mode assignment, spectral origin and the phonon absorption-to-
emission ratio.

Raman Frequency Phonon Assignment Absorption relative
shift (THz) energy [source] to emission (Wps/
(em™) (meV) Wem) at 300 K
191 5.73 23.68 Aq4(Ti, C, O) 4 x 107" (40%)
[49]
616 18.47 76.37 E¢(C) [50] 5.2 x 1072 (5.2%)
708 21.23 87.78 Aq5(C) [49] 3.4 x 1072 (3.4%)

4. Conclusion

In conclusion, this time-resolved experimental investigation reveals
that photoexcited carriers in a TizgCoTx thin film relax on a sub-150 fs
timescale at room temperature, demonstrating highly efficient elec-
tronic cooling. Given the proximity of the transient response to the
experimental time resolution, the precise fitted decay time carries some
model dependence and should be understood as a characteristic time-
scale of the relaxation rather than an exact absolute value. Unlike
transient optical absorption, which measures changes in the optical
response, pump-probe photoemission probes the transient occupied
electronic distribution via emitted electrons. This enables a direct
determination of electronic heating and cooling from the time-
dependent photoelectron energy distribution, while reducing sensi-
tivity to thin-film optical artifacts. Such observed ultrafast cooling
points to highly efficient carrier scattering with optical phonons as the
dominant energy-loss channel. A direct consequence is that hot, non-
thermal carriers decay on an ultrafast timescale of a few hundred fem-
toseconds or less, so longer-time dynamics reflect near-thermal electrons
and heat flow. The reported cooling should therefore be understood as
characteristic of the annealed, in situ cleaned Ti3CyTy surface state
under ultra-high vacuum conditions and for the specific pump fluence
and room-temperature conditions. Such microscopic understanding can
guide the optimization of MXene-based optoelectronic and electronic
devices, where carrier cooling and electron-phonon scattering directly
impact mobility and switching speed. More broadly, the extracted
cooling parameters provide a quantitative standard of comparison for
modelling the ultrafast energy flow in MXenes.
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