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ABSTRACT: Ti;C,T,, the most popular MXene to date, is ;4 Fresh TisCoTy MXene
widely regarded as a metallic material, based on numerous it .

> 0 in a wide temperature range. Instead, all p(T) data reported A

so far, which were mostly collected on macroscopic films of 2.32 /
percolating Ti;C,T, flakes, demonstrate dependences with dpldT >0 \\/ de/diii
minima, which were observed in the range from 90 to 250 K 50 160 150 200 250 300 00 80 100 150 200 250 300
in different measurements. In this study, we fabricated lemperatlrsi(K) lemperailirsi(Ky
electronic devices based on individual high-quality Ti;C,T,

flakes and performed their temperature-dependent resistivity measurements. The resistivity of flakes was found to increase
with temperature in the 10—300 K range, and the resulting p(T) dependences can be accurately described by the Bloch—
Gruneisen model for the temperature dependence of the resistivity of metals, confirming the metallic nature of Ti;C,T,. We
also demonstrate that an oxidation of a Ti;C,T, monolayer transforms a monotonically increasing p(T) curve into a
dependence with a minimum that looks similar to the previously reported results for percolating MXene films. The emerging
low-temperature tail with a semiconductor-like dp/dT < 0 behavior can be explained by the stronger electron scattering in a
partially oxidized MXene due to an increased level of disorder, and the resulting p(T) curves can be accurately fitted using
Matthiessen’s rule, which incorporates the effect of all types of scatterers on the transport properties of metals. These
experiments verify the metallic nature of Ti;C,T, (dp/dT > 0) and provide insights into the origin of the emergence of a low-
temperature tail with dp/dT < 0. We also demonstrate that multilayer Ti;C,T, flakes retain their purely metallic dp/dT > 0
behavior even after annealing in air, suggesting that the outer layers of multilayer flakes effectively protect the core layers from
oxidation. This result suggests that certain applications may benefit from the use of multilayer flakes because of their improved
environmental stability.

theoretical predictions and the results of experimental studies. 2401998 4
Yet, despite this general consensus on the metallic nature of 2381 . ¥4
Ti;C,T,, there have not been reports on its temperature- ¢ T 4 i
dependent resistivity (p) measurements that would demonstrate ¢ g 236 ;7
the expected increase of resistivity with temperature with dp/dT < o - 5 /

Xenes are a rapidly growing family of two- very high electrical conductivity of up to 11000 S cm™", which
l \ / I dimensional (2D) transition metal carbides, ni- was measured on individual monolayer flakes.” Yet, despite the
trides, and carbonitrides with a general formula of great interest in electronic applications of Ti;C,T,, many
M, X, T, where M is a transition metal, such as Ti, Nb, V, Cr, aspects of its electronic properties require further investigation.
etc., X is carbon and/or nitrogen, n = 1, 2, 3, 4, or 5, and T, In particular, while this MXfrsle is widely discussed as a rglegallic
represents the surface functional groups."” More than 30 material in both theoretical ™ and experimental studies,” ~ the
different MXenes have been demonstrated experimentally, and reported temperature dependences of the resistivity (p) for
many others have been predicted theoretically. MXenes are
finding numerous applications in many different areas ranging Received: October 11, 2023
from energy storage and electromagnetic interference shielding Revised: ~ December 11, 2023
to gas sensing and nanoelectromechanical systems."”” Many of Accepted: December 11, 2023
these applications rely on the high electrical conductivities of Published: December 19, 2023

some of the MXene materials. In particular, Ti;C,T,, which is
the most popular MXene material to date,' is known for its
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Figure 1. Characterization of Ti;AlC, MAX phase and Ti;C,T, MXene. (a) XRD pattern of a Ti;AIC, powder with Rietveld analysis. (b) XRD
pattern of a Ti;C,T, film. The inset shows a fragment of the structure of a Ti;C,T, monolayer. (c) High-resolution XPS Ti2p spectrum of
Ti,C,T, and its analysis. (d) Optical microscopy image of Ti;C,T, flakes on a Si/SiO, substrate. (e) False-color TEM image of a TiyC,T,
flake on a lacey carbon grid. The TiyC,T, flake is colored blue for clarity. (f) SAED image of the Ti;C,T, flake shown in panel (e).

Ti;C,T, were not entirely consistent with its metallic
character.”~"" The p(T) plots for Ti;C,T, reported in previous
papers have variations from each other, although they can
generally be described as dependences with a minimum. At low
temperatures, the resistivity of Ti;C,T, MXene exhibited a
semiconductor-like behavior with dp/dT < 0, while at higher
temperatures, it showed a metallic-like behavior with dp/dT >
0. The slopes of the semiconductor- and metallic-like regions
varied considerably for different measurements, and so did the
temperature of the resistivity minimum, which was observed
around 90 K,” 140 K,'* or 250 K."*

Considering the immense importance of Ti;C,T, as the
most popular MXene material,' it is necessary to identify the
origin of these discrepancies and determine whether the
metallic character of Ti;C,T, could be inferred from its
temperature-dependent electrical measurements. One possible
factor contributing to the differences in the results of prior
electrical measurements is the different nature of the
investigated samples of MXenes, which were tested as thin
films of Ti;C,T, prepared by etching of sputter-deposited
epitaxial Ti;AlC,,’~ filtered films of solution-synthesized
flakes,"’ or individual Ti;C,T, flakes."" For an investigation
of the intrinsic properties of MXenes, it is preferable to
perform single-flake measurements, as multiflake studies, for
example, on bulk filtrates need to account for the effects of
contact resistances between different flakes and the presence of
the residual solvent molecules, etchants, and other adsorbate
species that may be trapped between the flakes. Also, since
Ti;C,T, MXene is known to be prone to oxidation,””~'* a
material degradation may affect the shape of the temperature
dependence of the resistivity and introduce a semiconductor-
like region in the otherwise metallic p(T) curve. To test this
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hypothesis, we prepared electronic devices based on individual
Ti;C,T, flakes, with a particular focus on minimizing their
storage time in aqueous solution and exposure to ambient
conditions during device fabrication. The devices were quickly
fabricated right after the MXene synthesis and immediately
loaded into a vacuum chamber of a probe station, where they
were isolated from the environment. The vacuum-measured
Ti;C,T, MXene flakes with a minimal degree of oxidation
exhibited a metallic-like behavior with dp/dT > 0 in the entire
temperature range from 10 to 300 K. Then, to test the effect of
oxidation on Ti;C,T,, we annealed the devices in air and then
remeasured them in the same conditions. Remarkably, after the
annealing of the Ti,C,T, devices, we observed a different p(T)
dependence that was qualitatively similar to the previous
reports,” " with dp/dT < 0 at low temperatures and dp/dT >
0 at high temperatures.

This study provides several insights into the electronic
properties of Ti;C,T, MXene. First, it demonstrates that
freshly prepared and tested Ti;C,T, MXene flakes exhibit the
metallic-like temperature dependence of the resistivity with
dp/dT > 0 in a broad temperature range. This observation
confirms the widespread view of Ti;C,T, MXene as a metallic
material,"~"” which previously was not entirely supported by
the temperature-dependent electrical measurements. Second,
this study shows that the electronic properties of Ti;C,T,
monolayers are sensitive to oxidation, suggesting that p(T)
measurements may be used for the assessment of the quality of
MXene materials and their suitability for specific applications.
For example, the electronic applications require pristine
MXenes with the highest electrical conductivity,” while other
applications, such as gas sensing, may benefit from a partial
oxidation of a material.">™"° Finally, we demonstrate that
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unlike their monolayer counterparts, the multilayer Ti;C,T,
flakes retain their purely metallic dp/dT > 0 behavior even
after oxidation in air, suggesting that the outer layers of
multilayer flakes effectively protect the core layers from the
environment. While many studies focus on the optimization of
exfoliation of MXene materials down to the monolayer
limit,””*" the results of this work suggest that certain
applications may benefit from the use of multilayer flakes
because of their improved environmental stability.

To assess the intrinsic electronic properties of Ti;C,T,, it
was important to ensure that the MXene flakes used for device
fabrication were of the highest quality possible with the
currently available synthetic approaches. Over the past decade
there has been a strong effort to optimize the synthesis of
Ti;C,T,, which resulted in the notable improvement of the
quality of MXene flakes in terms of their size, uniformity, and
the amount of defects and impurities.”” Synthesis of high-
quality Ti;C,T, MXene starts with the optimized synthesis of
the precursor Ti;AIC, MAX phase.”> Commonly, Ti;AlC, can
be prepared from either a mixture of elemental precursors, Ti,
Al and C, taken at a 3:1.1:2 stoichiometric ratio, or a mixture
of TiC, Al, and Ti taken at a 2:1.1:1 stoichiometric ratio.”’
Mathis and co-workers have recently demonstrated that
increasing the content of Al in the precursor mixture to
TiC:AL:Ti = 2:2:1 improves the overall quality of the MAX
phase.”” The resulting MAX phase has fewer defects, leading to
the formation of MXenes with superior resistance to oxidation
compared to the previously synthesized Ti;C,T,.”* Accord-
ingly, we used this modified synthetic approach to produce
Ti,AlC, from a mixture of TiC, Al, and Ti (2:2:1).> The
resulting MAX phase was characterized by powder X-ray
diffraction (XRD), and the diffraction pattern was analyzed
using the Rietveld method. The results are presented in Figure
la, where all experimentally observed peaks are indexed and
fitted with a theoretical pattern. The produced Ti;AlIC, MAX
phase was highly crystalline, and no impurity phases were
observed. After sieving and processing of the MAX phase, as
described in the Experimental Section, we used the sieved
fraction with particle sizes below 38 pm to synthesize Ti;C,T,;
see Figure S1 in the Supporting Information.

MXene monolayers were prepared using the minimally
intensive layer delamination (MILD) method,"’ which
employs a mixture of LiF and HCI for the etching of
Ti;AIC,. This etchant is less aggressive than concentrated HF,
which removes Al from Ti;AlIC, faster but results in severe
degradation of MXene flakes.>”** In contrast, the LiF-HCl
mixture slowly generates HF in situ, and although the etching
process takes a longer time compared to the direct use of
concentrated HF, it results in a MXene material of higher
quality.">*° After aluminum etching, the sample was washed
with deionized (DI) water. Following the guidelines by
Shekhirev et al,”’ we avoided any unnecessary agitation of
the MXene suspension, which was shown to reduce the flake
size.'"” Instead, the MXene particles were gently delaminated
by a mild shaking of the suspension.”®

Figure 1b shows an XRD pattern recorded on a vacuum-
filtered film of Ti;C,T, MXene flakes. It confirms the
conversion of Ti;AlC, to Ti;C,T,, as no peaks corresponding
to the precursor MAX phase or other crystalline impurities
were observed, and the only visible reflections are the series of
(001) peaks (I = 1, 2, 3, ..) originating from the layered
structure of the stacked MXene flakes in a film.” According to
the XRD results, the interlayer spacing between the flakes in a
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vacuum-filtered film was 1.247 nm (26,,, = 7.08°),” which is
larger than the nominal thickness of a Ti;C,T, monolayer of
0.98 nm””?**” and suggests the presence of various
intercalants, such as water molecules, trapped between the
MXene sheets in their bulk assemblies.

In order to demonstrate the high quality of the synthesized
MXene material, we analyzed it using X-ray photoelectron
spectroscopy (XPS). Figure lc shows a high-resolution XPS
Ti2p spectrum of Ti;C,T,. The spectrum was analyzed using
the Fit-V protocol described by Natu and co-workers,”® with
the following Ti2p;, fitting components: C—Ti—(0,0,0) at
455.1 eV, C—Ti—(O,0,F) at 456.0 eV, C—Ti—(O,F,F) at
456.9 eV, C—Ti—(F,FF) at 457.8 eV, and TiO,_,F,, at 459.5
eV. For the oxidized Ti;C,T, materials, the latter component is
often observed as a well-developed peak,* so the fact that in
this spectrum (Figure 1c) it is only discernible in the fitting
suggests a mild degree of oxidation in the as-synthesized
MXene material. The overall shape of the XPS Ti2p spectrum
in Figure lc is comparable to such spectra of other MXene
materials reported in the studies focused on the optimization
of the synthesis of Ti;C,T,.”**" The XPS survey and high-
resolution Al2p spectra are shown in Figure S2 in the
Supporting Information and confirm the complete removal
of Al during the etching of Ti;AlC,, as well as the presence of
Ti, C, F, and O in the MXene material.

Figure 1d demonstrates an optical microscopy image of
MXene flakes deposited on a Si/SiO, substrate; additional
images are provided in Figure S3 in the Supporting
Information. Since any unnecessary agitation of the MXene
suspension was avoided, following the guidelines by Shekhirev
etal,” the flakes were visually uniform and large, mostly in the
15—20 um range, facilitating the device fabrication. Fur-
thermore, since the MXene suspension was minimally
disturbed, the exfoliation of the etched MXene particles
down to the monolayer limit was not complete, and in addition
to the monolayer flakes, multiple bilayer and multilayer flakes
were also observed on the substrate (Figure S3). The presence
of Ti;C,T, with different thicknesses was beneficial for this
study, as both monolayer and multilayer flakes were used for
device fabrication and electrical measurements.

The transmission electron microscopy (TEM) image of a
representative Ti;C,T, flake (Figure le) shows that the
MZXene surface looked clean, and no pinholes or TiO,
nanoparticles were observed, which, if present, would indicate
degradation of Ti,C,T,."”">"" The selected-area electron
diffraction (SAED) pattern of the same flake (Figure 1f)
demonstrates its high crystallinity and phase purity. The
observed diffraction spots demonstrate the hexagonal arrange-
ment of the atoms in the MXene sheet. No diffraction spots
corresponding to any phases other than Ti;C,T,, such as
TiO,,'>"> were observed. Overall, the materials character-
ization results presented in Figure 1 indicate that the
synthesized Ti;C,T, was of high quality, comparable to the
best MXene samples reported in the literature to date.

After the synthesis, the as-prepared Ti;C,T, was immedi-
ately used for the device fabrication. During the cleanroom
work, the flakes deposited on a Si/SiO, substrate were mostly
isolated from the environment while being in the vacuum
chambers of either an electron-beam lithography (EBL) writer
or an electron-beam evaporator. After the completion of the
cleanroom work, the devices were immediately loaded into the
vacuum chamber of a cryogenic probe station, where they were
kept at a pressure of about 2 X 107° Torr for electrical
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Figure 2. Electronic properties of a device based on an individual monolayer Ti;C,T, flake. (a) Scheme of FET with a Ti;C,T, channel. (b)
False-color SEM image of a Ti;C,T, device. The Ti/Au electrodes are colored yellow for clarity. (c) Room-temperature I,—Vp,g curves at
different gate voltages for the Ti;C,T, device shown in panel (b). (d) Room-temperature transfer characteristic of the same device measured
at Vpg = 1 V. The highlighted linear slope was used for calculating the field-effect mobility. (e) Temperature-dependent resistance (red dots)
of the same monolayer Ti;C,T, device fitted using the Bloch—Griineisen formula (dashed black curve). The inset demonstrates the same
dependence with temperature shown on a semilogarithmic scale. (f) Transfer characteristics of the same device at different temperatures. (g)
Field-effect mobility and charge carrier concentration of the same Ti;C,T, device at different temperatures.

measurements. As a result, the total time of exposure of
Ti;C,T, flakes to air was less than 1 h.

The scheme of the MXene-based two-terminal field-effect
transistor (FET) devices fabricated in this work by EBL is
shown in Figure 2a. A MXene flake is bridging source (S) and
drain (D) electrodes that were prepared by depositing S nm of
Ti and 15 nm of Au. The devices were fabricated on a p-doped
Si substrate covered with a 300-nm-thick SiO, layer; the p™*-Si
was used as a gate (G) electrode in electrical measurements.
Figure 2b shows a scanning electron microscopy (SEM) image
of a representative device based on a monolayer Ti;C,T, flake.
The lateral dimensions of this flake are 8.8 um (distance
between electrodes) and 6.6 um (average width of the flake).
The monolayer character of the flake was confirmed by atomic
force microscopy (AFM), which revealed a thickness of about
2.7 nm, consistent with the previous results of AFM
measurements of Ti;C,T, monolayers on Si/SiO, sub-
strates.”'>*° This thickness is larger than the theoretical
thickness of a Ti;C,T, monolayer of about 0.98 nm,>??%%7
likely due to the presence of adsorbed molecules, such as
water, on and under the flakes measured in ambient
conditions. The AFM of the device was performed after its
electrical characterization. For the resistivity calculations, we
used the nominal thickness of monolayer Ti;C,T,.

Figure 2c,d summarizes the results of room-temperature
electrical measurements of the MXene device shown in Figure
2b. Figure 2c shows the dependence of the drain current (I)
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on the drain-source voltage (V) at the gate voltages (V) of
—40, 0, and 40 V applied to the bottom electrode. The field
effect is weak, as the three Iy—Vpg dependences nearly
coincide. In the Vg range from —1 to 1V, the In—Vpg curves
show linear dependence at all studied Vi values, suggesting
good electrical contacts between the Ti/Au electrodes and the
MZXene channel. The room-temperature resistance of this
device is 2160 Q. Sheet resistance (pg) values for the devices
were calculated from the I—Vpg dependences measured at Vg
= 0 using the flake dimensions. For the device shown in Figure
2, pm = 1630 Q [1'. The MXene resistivity (p) can be
estimated by multiplying the sheet resistance by the thickness
of a MXene monolayer of 0.98 nm,””***” yielding 1.60 uQ m.
This value corresponds to the conductivity (6) of 6260 S cm™,
which is comparable to our previous results of electrical
measurements on high-quality Ti;C,T, monolayers.”'**' The
In—V plot for the same device at Vg = 1 V is presented in
Figure 2d, showing a linear dependence with a positive slope,
suggesting n-type transport. The field-effect mobility (ppg) was
extracted from this Iy—V; dependence using the formula

o(1/
L (1/pg)

% (1
where C, is the capacitance of a 300-nm-thick SiO, dielectric
layer. The pgg for the presented device was calculated to be
about 2.2 cm? V7! s71, which is also comparable to the results

https://doi.org/10.1021/acsmaterialslett.3c01234
ACS Materials Lett. 2024, 6, 298—307


https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c01234?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c01234?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c01234?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsmaterialslett.3c01234?fig=fig2&ref=pdf
www.acsmaterialsletters.org?ref=pdf
https://doi.org/10.1021/acsmaterialslett.3c01234?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Materials Letters

www.acsmaterialsletters.org

(a)180 Fresh Monolayer (b)242 Annealed Monolayer
Vg
1,751 2401 7
« ,/l
2.38{ o ,/,"’
— —_ 'Y i
c 1.70 4 P c \" /‘:’,
G L G 236 > 4
2 2 > Vg
a 1.651 a 4 4
2.34] : s
3 //
1,60 ] 232] \//
Vbs = 0.1V Vos=0.1V
1,55 S A 30 I
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Temperature (K)

Temperature (K)

(c) 1o Fresh Multilayer (d) 1 Annealed Multilayer
1.8 / 1.8 /
'l 'l
1.71 V. 1.71 /
V4 ’
= 16/ / = 18] /
g 2 um /' g ’1'
3 15{ T V4 3 154 Y
Q r 4 Q /'
1.44 / 1.4 'I
r 4 y 4
13{ o 131 .
’I
"'
1.21 Vpbs=0.1V 121 Vbs=0.1V
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Temperature (K)

Temperature (K)

Figure 3. Effect of annealing on the temperature-dependent resistivity of Ti;C,T, MXene. (a) Temperature-dependent resistivity of a freshly
fabricated monolayer Ti;C,T, device, fitted with eq 2. The inset shows the SEM image of the device. (b) Temperature-dependent resistivity
of the same device as in (a) after annealing in air (see the main text for details), fitted with eq 3. (c) Temperature-dependent resistivity of a
freshly fabricated multilayer Ti;C,T, device, fitted with eq 2. The inset shows the SEM image of the device. (d) Temperature-dependent
resistivity of the same device as in (c) after annealing in air, fitted with eq 2. All measurements were performed at Vg = 0.1 V.

of our previous studies.”' »*' The transfer characteristic of the
MXene device has low noise (Figure 2d), which is another
indicator of good sample quality. Based on the measured
conductivity and mobility values, this monolayer flake has a
charge carrier concentration of n &~ 1.8 X 10%% cm™3, which is
comparable to other reports on electrical measurements of
Ti,C,T, MXene.'"*’

We then studied the electronic properties of MXene devices
in the temperature range from 9 to 300 K. The measurements
were performed in 3 K steps with 15 min of temperature
stabilization between the steps. For the same monolayer
Ti;C,T, device (Figure 2b), the temperature dependence of
resistivity shown in Figure 2e demonstrates dp/dT > 0 in the
entire measurement temperature range, in remarkable differ-
ence with the results presented in prior literature.”™"" As the
temperature decreases from 300 K to approximately 100 K, the
resistance of the Ti;C,T, monolayer decreases linearly. The
slope of the p(T) dependence slowly decreases at lower
temperatures, and the resistivity reaches the residual value of
about 1.36 #Q m. The residual resistivity is a result of the
electron scattering on static defects that disturb the periodicity
of the lattice, such as grain boundaries, impurities, and
surfaces.”’ The surface contribution should be especially
pronounced because of the 2D nature of the material and
the fact that the MXene terminal groups are disordered.’”*’
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The inset in Figure 2e shows the same plot but with a
logarithmic temperature scale.

The dependence shown in Figure 2e is a classic example of
the temperature dependence of the resistivity of metals and can
be described using the Bloch—Griineisen model, which is
applicable to 2D materials:***°

(T) Tt il d
=p, + p Al — /
PP TP )y @ -Da-c9)

BG
)

where p, is the residual resistivity, A is a constant related to
electron—phonon scattering, ®pg is the Bloch—Griineisen
temperature, and n = 3 for the case of s-d electron scattering in
transition metals,’® as in Ti,C,T, MXene. The formula allows
extraction of the Bloch—Griineisen temperature, which was
found to be Oy = 657 K for a monolayer flake. The excellent
fitting (R* = 0.99993) shown as a dashed black curve in Figure
2e suggests the validity of this model and indicates that the
electron—phonon scattering dominates the temperature-
dependent part of the electrical resistivity.

Changes in electron mobility of the Ti;C,T, MXene
monolayer with temperature were revealed through analysis
of the transfer characteristics, i.e., the In—V; dependences,
measured at different temperatures. The transfer characteristics
of the monolayer MXene device at selected temperatures are
presented in Figure 2f. All curves are qualitatively similar,
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showing linear dependences on gate voltage and positive
slopes, consistent with n-type behavior. From these transfer
characteristics, we can extract pipg values at different temper-
atures using eq 1. The resulting temperature dependence of
Hpg is shown in Figure 2g. The field-effect mobility increases as
the temperature decreases, from 2.2 cm* V™' s™! at 300 K to
3.0 cm? V' 57! at 13 K. This observation is consistent with the
behavior of electrons in metals, in which the conductivity
increase at lower temperatures is caused by a reduced electron
scattering due to the suppressed phonons, resulting in an
increase of the electron mean free path. In contrast, the charge
carrier concentration shows little dependence on temperature,
as demonstrated in Figure 2g. As the temperature decreases
from 300 to 13 K, the n values decrease from 1.8 X 10* to 1.5
X 10* cm™.

It is well established that most MXenes contain a certain
amount of oxygen species, which can be present as surface
functional groups,”** oxygen atoms incorporated in the carbon
sublattice,”” or both. The as-prepared Ti;C,T, samples
synthesized by the standard solution etching procedures™’
involving highly acidic conditions already contain oxygen, as
shown by numerous XPS studies.”® The TiyC,T, flakes that are
exposed to ambient conditions further oxidize with time,"* and
the degradation process is greatly accelerated if a MXene
material is annealed in air."> Therefore, considering that all
solution-synthesized Ti;C,T, materials are oxidized to a
certain extent, we decided to investigate how the degree of
oxidation of the flakes affects their temperature-dependent
resistivity behavior. For this experiment, we started with freshly
prepared Ti;C,T, flakes with a minimal degree of oxidation
that is currently achievable with the presently available
synthetic approaches®”** (Figure 1) and then intentionally
oxidized them by a mild annealing in air, comparing the
electrical properties of the same flakes before and after
oxidation.

We first investigated the effect of oxidation on the electrical
properties of the monolayer Ti;C,T, flakes. Figure 3a shows
the temperature dependence of the resistivity of a freshly
prepared monolayer Ti;C,T, flake that is shown in the SEM
image in the inset. The room-temperature resistance of this
device is 1804 €, which, accounting for the device dimensions,
translates into pg = 1800 Q [J7), p = 1.77 yQ m, and o =
5660 S cm™!. The temperature dependence of the resistivity
shows metallic behavior (Figure 3a) and can be accurately
fitted using eq 2. After the measurements, the device was
heated on a hot plate in air at 100 °C for 30 min, placed back
into the vacuum chamber of a probe station, and after a three-
day evacuation at 2 X 107 Torr, measured again. The resulting
temperature dependence of the resistivity shown in Figure 3b
is very different from that of a freshly prepared MXene flake
(Figure 3a) but looks very similar to the p(T) plots that were
previously reported for Ti;C,T,.”~'" First, the resistivity at
room temperature increased from 1.77 p€ m to 2.41 u€2 m,
which is consistent with a partial oxidation of the MXene flake.
Second, while the resistivity decreases when the temperature
decreases from 290 to 125 K, showing a metallic behavior with
dp/dT > 0, the sign of the slope reverses with further cooling
to 9 K, showing a semiconductor-like behavior with dp/dT <
0. The previously reported p(T) dependences for Ti;C,T, also
had resistivity minima, which were observed in the range from
90 to 250 K.~'" Here, the resistivity minimum was found at
110 K, which is consistent with this temperature range.
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It is expected that an oxidation of a MXene flake would
increase the level of disorder, resulting in a stronger scattering.
Therefore, we can employ Matthiessen’s rule,”® a simple
phenomenological model that incorporates the effect of all
types of scatterers on the transport properties of metals, and
add a logarithmic term to eq 2, resulting in the following
formula:

" O/ T "

HBG

+ p,B In(T) (3)
where B is a constant related to scattering at low temperatures.
The resulting fit for the oxidized monolayer Ti;C,T, device
(R* = 0.9979) is shown by the dashed gray line in Figure 3b.
There are three corrections that exhibit the logarithmic
behavior in 2D systems: the weak localization (WL), the
electron—electron interaction (EEI) in a disordered system,
and the Kondo effect.>” Therefore, it is difficult to identify the
exact origin of the logarithmic temperature dependence of the
resistivity at low temperatures without additional experiments.
Similar behavior of the temperature-dependent resistivity in
Ti;C, T, films was previously attributed to the WL effect.”

While a partial oxidation of Ti;C,T, flakes is experimentally
shown here to result in an emergence of a low-temperature
logarithmic tail with dp/dT < 0, other kinds of MXene
treatment resulting in an increased scattering should produce a
similar effect. For example, Halim and co-workers investigated
films of percolating Ti;C,T, flakes and observed that this low-
temperature logarithmic tail increases upon intercalation of the
films with NH; and NH,*, compared to the nonintercalated
films.” In any case, the results of this work demonstrate that
Ti;C,T, is intrinsically metallic with dp/dT > 0 in the entire
10—300 K temperature range, while the emergence of this low-
temperature logarithmic tail with dp/dT < 0 is an indication of
extrinsic factors, such as oxidation or, possibly, adsorption/
intercalation. Since the p(T) curves are sensitive to the
disorder in Ti;C,T,, these results suggest that temperature-
dependent resistivity data could be used to assess the quality of
a MXene material. A p(T) dependence with dp/dT > 0 in a
wide temperature range could suggest a high quality of a
Ti;C,T, MXene, while a curve with a minimum would indicate
a low-temperature electron scattering and invite additional
investigations into its origin.

In addition to the studies on Ti;C,T, monolayers, we also
investigated devices based on multilayer Ti;C,T, flakes; a
representative example is shown in the SEM image in the inset
in Figure 3c. The thickness of the flake was 10 nm, as
measured by AFM. Based on our previous study of the
correlation between the AFM thickness and the number of
layers in multilayer Ti;C,T,,’ this flake contained eight
monolayers. This flake was from the same batch of MXene
as the monolayer Ti;C,T, shown in Figure 3a,b. The two flakes
were simultaneously deposited on a Si/SiO, substrate and
underwent the same treatment during the device fabrication
and annealing on a hot plate, offering a direct comparison
between the electronic properties of the corresponding
monolayer and multilayer Ti;C,T, devices.

The resistivity of the as-prepared multilayer MXene flake
increases with temperature in the entire range from 9 to 300 K,
as shown in Figure 3c. The p(T) dependence shows metallic
behavior and can also be accurately fitted with eq 2. The room-
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Figure 4. Effect of temperature on the electronic properties of Ti;C,T, devices. (a) Temperature-dependent resistance of the monolayer
Ti,C,T, device shown in Figure 2b. (b) I,— Vg curves for the same device at selected temperatures. (c) Left: dV;,¢/dI;,—Vpg curves for the
same device at selected temperatures with the step of 3 K. Right: dVps/dI, heat map for the temperatures from 13 to 200 K. (d)
Temperature-dependent resistance of the partially oxidized monolayer Ti;C,T, device shown in Figure 3a. (e) I,—Vpg curves for the same
device at selected temperatures. (f) Left: dVpg/dI,—Vpg curves for the same device at selected temperatures with the step of 9 K. Right:
dVp,s/dI}, heat map for the temperatures from 10 to 200 K. (g) Temperature-dependent resistance of the as-prepared multilayer Ti;C,T,
device shown in Figure 3c. (h) I,—Vpg curves for the same device at selected temperatures. (i) Left: dVy,¢/dI,—Vyg curves for the same
device at selected temperatures with the step of 9 K. Right: dVpg/dI}, heat map for the temperatures from 10 to 200 K.

temperature sheet resistance for the film is pg = 233 Q 7
and accounting for the flake thickness of 8 monolayers, the
conductivity is 6 = 5480 S cm™', which is very close to the
value for the monolayer flake in Figure 3a. This result indicates
that the as-prepared monolayer and multilayer Ti;C,T, flakes
were of similar quality.

The temperature dependence of the resistivity of the
multilayer Ti;C,T, flake after annealing in air is shown in
Figure 3d. Unlike the monolayer device (Figure 3b), there is
almost no change in the shape of the p(T) curve after the
treatment; compare Figures 3¢ and 3d. The room-temperature
resistivity remains the same, 1.83 pQ m, the resistivity
increases with temperature in the entire range from 9 to 300
K, and the curve can be fitted with the same equation (eq 2).
There is a small drop in the low-temperature resistance that
may be attributed to improved electrical contacts between the
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flake and the electrodes upon annealing, which would manifest
stronger at low temperatures than at high temperatures. A
comparison of the results of oxidation of monolayer (Figure
3a,b) and multilayer (Figure 3c,d) Ti;C,T, flakes suggests that
the outer layers of a multilayer flake protect the core layers
from the environment, making thicker flakes more stable
against oxidation. This result further suggests that multilayer
MXene flakes may be beneficial for certain applications,
particularly if the quality of the material and its environmental
stability are important.

Additional insights into the low-temperature semiconductor-
like behavior of MXene flakes, even at small levels of structural
degradation, can be gained from temperature-dependent I,—
Vps curves, as summarized in Figure 4. We found that in the
semiconductor-like regime (dp/dT < 0) at low temperatures,
the partially oxidized MXene samples demonstrate nonlinear
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In—Vpg curves, likely due to deteriorated contacts with the
metallic electrodes of the devices, while the curves become
linear at higher temperatures where dp/dT > 0. To illustrate
this effect, we compare three different samples: a fresh
monolayer (Figure 4a—c; the device shown in Figure 2b), a
monolayer annealed in air (Figure 4d—f; the device shown in
Figure 3a), and a fresh multilayer Ti,C,T, flake (Figure 4g—i;
the device shown in Figure 3c). Figures 4a, 4d, and 4g show
temperature-dependent resistivity plots for the respective
devices, while Figures 4b, 4e, and 4h show the corresponding
In—Vps curves recorded at different temperatures. These
curves generally look linear, but subtle nonlinearities can be
revealed if the data are presented in a differential form in the
dVps/dI,—Vpg coordinates. The corresponding dVpg/dIn—Vpg
curves at different temperatures for all three devices are shown
in the left panels in Figures 4c, 4f, and 4i, while the right panels
show the same data as heat maps. The greater the dependence
of dVpg/dl, on Vpg at a certain temperature, the more
nonlinear the corresponding I,—Vpg curve is, and vice versa.
For the multilayer Ti,C,T, flake, which is resistant to
degradation, the dVpg/dIp—Vpg curves are very consistent in
the entire temperature range from 9 to 288 K (Figure 4i),
which agrees well with the monotonous metallic (dp/dT > 0)
temperature dependence of its resistance (Figure 4g). A
metallic multilayer Ti;C,T, flake forms a good Ohmic contact
with Ti/Au electrodes in this entire temperature range, which
translates into linear Iy—Vpg curves (Figure 4h). The slight
nonlinearity in the I,—Vpg curves in Figure 4h at higher
voltages can be explained by the Joule heating of Ti;C,T,
MXene.

In contrast to the results obtained on degradation-resistant
multilayer MXene flakes, Ti;C,T, monolayers show a much
more pronounced nonlinear behavior at low temperatures. For
the monolayer Ti;C,T, device that was annealed in air (Figure
4f), the dVp,g/dIp—Vpg curves at low temperatures show a very
pronounced maximum at Vg = 0 that was not observed for the
multilayer flake (Figure 4i). This maximum indicates the
nonlinearity in the corresponding Ip—Vpg curves at low
temperatures for the partially oxidized Ti;C,T, monolayer in
a semiconductor-like regime (dp/dT < 0). The dVpg/dIy
maximum gradually decreases with increasing temperature, as
the material transitions to the metallic regime with dp/dT > 0,
and becomes barely visible around 190 K (Figure 4f), when the
corresponding p(T) dependence becomes completely linear.
Similarly, the dVp¢/dI,—Vpg curves can reveal some non-
linearity in the Iy—Vpg curves for the fresh Ti;C,T, monolayer
(Figure 4c), despite the fact that the entire p(T) dependence
has dp/dT > 0 and can be fitted with eq 2. This nonlinearity
completely disappears around 70 K and corresponds to the
plateauing region of the p(T) dependence at low temperatures
(Figure 4a). Overall, the results in Figure 4 demonstrate that
the temperature-dependent dVpe/dI,—Vpg plots for MXene
flakes correlate with their p(T) dependences and can be used
for revealing their semiconductor-like and metallic regimes.
These data also suggest that despite our best efforts to produce
high-quality monolayer Ti;C,T, flakes and minimize their
oxidation during the device fabrication, they still showed some
nonlinear I—Vpg behavior at low temperatures.

In summary, we fabricated electronic devices based on
individual high-quality Ti;C,T, flakes and performed their
temperature-dependent resistivity measurements in the range
from 10 to 300 K. Particular attention was paid to minimizing
the exposure of Ti;C,T, to air during the solution storage and
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device fabrication to ensure the high quality of the flakes that
were used for electrical measurements. These measurements
revealed that the resistivity of flakes increases with temperature
in the entire 10—-300 K range, and the resulting p(T)
dependences can be accurately fitted by the Bloch—Griineisen
formula for the temperature dependence of the resistivity of
metals, confirming the metallic nature of Ti;C,T,. We also
demonstrate that an oxidation of a Ti;C,T, monolayer
transforms a monotonically increasing p(T) curve into a
dependence with a minimum that looks similar to the
previously reported results.””"" The emerging low-temperature
tail with a semiconductor-like dp/dT < O behavior can be
explained by the stronger electron scattering in a partially
oxidized MXene due to an increased level of disorder, and the
resulting p(T) curves can be accurately fitted using
Matthiessen’s rule, which incorporates the effect of all types
of scatterers on the transport properties of metals.

Many applications of Ti;C,T, MXene in energy storage,*’
electromagnetic interference shielding,41 gas sensin%,7 trans-
parent conductive coatings,” electrical interconnects,” printed
electronics,™ and other areas exploit the metallic conductivity
of the material, which makes the experimental verification of
the metallic nature of Ti;C,T, (dp/dT > 0) important in a
broad context. Our experiments also provide insights into the
origin of the emergence of a low-temperature tail with dp/dT
< 0. More specifically, the low-temperature dp/dT < 0 tail
indicates the electron scattering in a material, which may
originate from the oxidation of MXene or, as was shown for
percolating films of Ti;C,T, flakes,” an intercalation into a film.
Thus, since the p(T) curves are sensitive to the disorder in
Ti;C,T,, these results suggest that temperature-dependent
resistivity data could be used to assess the quality of a MXene
material. A p(T) dependence with dp/dT > 0 in a wide
temperature range would be an indication of a high-quality
Ti;C, T, MXene, while a curve with a minimum would suggest
a low-temperature electron scattering and invite additional
investigations into its origin.

Finally, we demonstrate that multilayer Ti;C, T, flakes retain
their purely metallic dp/dT > 0 behavior even after oxidation
in air, suggesting that the outer layers of multilayer flakes
effectively protect the core layers from the environment. This
result suggests that certain applications may benefit from the
use of multilayer MXene flakes because of their improved
environmental stability.

B EXPERIMENTAL SECTION

Synthesis of Ti;C,T, MXene. Ti (99%, 300 mesh), Al
(99%, 300 mesh), and TiC (99.9%, 300 mesh) were purchased
from Alfa Aesar. HCI] was purchased from VWR, and LiF was
purchased from Spectrum Chemical. All chemicals were used
as received. Ti;AlIC, MAX phase was synthesized using the
2:2:1 molar ratio of TiC:Al:Ti. All precursors were mixed using
a pestle and mortar, pressed into a pellet at 3500 psi, and
annealed at 1450 °C for 8 h under a flow of argon (300 sccm).
After the synthesis, the Ti;AIC, MAX phase was crushed and
sieved to collect uniformly sized particles; see Figure Sla in the
Supporting Information.

Ti;C,T, MXene was synthesized using the MILD method."
In brief, the MAX phase (500 mg, particle size below 38 ym)
was slowly dispersed in 10 mL of HCI (9 M) containing LiF
(800 mg) and stirred for 24 h (600 rpm, 25 °C). The sample
was then washed and centrifuged until pH 6 was reached and
then delaminated into flakes by mild shaking for 15 min.
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During the washing and delamination ste%)s, the sample was
handled very gently to avoid flake tearing.”"*’

Materials Characterization. For TEM characterization,
Ti;C,T, flakes were imaged using a FEI Tecnai Osiris
transmission electron microscope equipped with a HAADF
detector and an X-FEG high brightness Schottky field emission
gun at the accelerating voltage of 200 kV. A sample of Ti;C,T,
MXene was dispersed in an aqueous ethanol solution,
deposited on a lacey carbon-coated Cu TEM grid, dried in
air, and loaded into the instrument. SEM was performed using
a Zeiss Supra 40 field-emission scanning electron microscope
at the accelerating voltage of 5 kV. XRD patterns of Ti;AlC,
and Ti;C,T, powders were collected by using a PANalytical
Empyrean diffractometer in the Bragg—Brentano configuration
operated at 45 kV and 40 mA with Ni-filtered Cu Ko radiation.
Quantitative Rietveld refinement of the powder XRD patterns
was performed using JANA2006 software,"* employing internal
tables for X-ray atomic form factors. The chemical analysis of
the samples by XPS was carried out using a Thermo Scientific
K-alpha X-ray photoelectron spectrometer with monochro-
mated Al Ka (1486.6 eV) radiation and a low-energy electron
flood gun for charge neutralization. The high-resolution Ti2p
spectrum was recorded by using a pass energy of 20 eV and a
0.1 eV step. AFM was performed using a Bruker Dimension
Icon atomic force microscope operated in PeakForce Tapping
mode.

Device Fabrication and Electrical Measurements. A
Zeiss Supra 40 field-emission scanning electron microscope
and a Raith pattern generator were used for EBL to pattern
electrodes on Ti;C,T, flakes. An AJA electron beam
evaporation system at the base pressure of ~8 X 107" Torr
was used to deposit Ti/Au contacts. The Ti;C,T, devices were
measured in a Lake Shore CRX-4K cryogenic probe station at
a base pressure of about 2 X 107 Torr. After the evacuation,
the devices were stored in vacuum for at least 2 days before the
measurements to minimize the effect of surface adsorbates on
the electronic characteristics.”” The electrical measurements
were performed by using an Agilent 4155B semiconductor
parameter analyzer that was operated using a National
Instruments LabView code.

B ASSOCIATED CONTENT
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SEM images of Ti;AlC, particles and Ti;C,T, flakes
(Figure S1); survey and Al2p XPS spectra of Ti,C,T,
MXene (Figure S2); additional optical photographs of
Ti;C,T, flakes deposited on Si/SiO, and the corre-
sponding distributions of monolayer, bilayer, and
multilayer flakes (Figure S3) (PDF)
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