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A B S T R A C T   

Charge transport through a randomly oriented multilayered network of two-dimensional (2D) Ti3C2Tx (where Tx 
is the surface termination and corresponds to O, OH and F) was studied using time-of-flight photoconductivity 
(TOFP) method, which is highly sensitive to the distribution of charge carrier velocities. We prepared samples 
comprising Ti3C2Tx with thickness of 12 nm or 6-monolayers. MXene flakes of size up to 16 μm were randomly 
deposited on the surface by spin-coating from water solution. Using TOFP, we have measured electron mobility 
that reached values up to 279 cm2/Vs and increase with electric-field in a Poole-Frenkel manner. These values 
are approximately 50 times higher than previously reported field-effect mobility. Interestingly, our zero-electric- 
field extrapolate approaches electron mobility measured using terahertz absorption method, which represents 
intra-flake transport. Our data suggest that macroscopic charge transport is governed by two distinct mecha
nisms. The high mobility values are characteristic for the intra-flake charge transport via the manifold of 
delocalized states. On the other hand, the observed Poole-Frenkel dependence of charge carrier mobility on the 
electric field is typical for the disordered materials and suggest the existence of an important contribution of 
inter-flake hopping to the overall charge transport.   

1. Introduction 

The field of 2D materials was triggered by the introduction of gra
phene in 2004 [1]. Since then, many different 2D materials were syn
thesized and intensively studied, mainly due to their thickness of a single 
layer of atoms and their unique low-dimensionality driven electronic 
properties that sets them apart from the bulk (3D) materials. Electron 
confinement in 2D is frequently characterized by reduced nuclear scat
tering and, consequently high electron mobility. For example, in gra
phene values as high as 20 × 104 cm2/Vs were reported [2]. However, 
its semi-metallic character precludes its use in high-speed switching 
applications. Opening of the electronic energy gap has been observed in 
graphene nanoribbons (Eg = 150 meV), but it is coupled to drastic 
reduction of mobility (μ = 200 cm2/Vs) [3]. On the other hand, selected 
2D transition metal dichalcogenides (TMDs) exhibit a direct electronic 

energy gap that would allow their use in switching applications, but 
their use is limited due to relatively low charge carrier mobility, which 
in MoS2 amounts to values exceeding 150 cm2/Vs [4–6]. 

MXenes represent a novel family of 2D transition-metal carbides, 
nitrides or carbonitrides. After their first experimental realization in 
2011 [7], more than 70 species of MXenes were already synthesized and 
many more were theoretically predicted [8–10]. MXenes are produced 
from a layered metallic ceramic Mn+1AXn (n = 1 to 3) phase, where M 
represents the transition metal, A is a III or IV A-group element and X is 
carbon and/or nitrogen. Selective etching of the A atoms, usually using 
fluoride-based acids or salts leads to the formation of Mn+1XnTx, where 
Tx is the surface termination group such as F, O and OH that depends on 
synthesis and delamination procedure [11] and renders the surface of 
the flakes hydrophilic [12]. These properties make MXenes promising 
candidates for numerous applications such as energy storage in lithium- 
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ion batteries [13–15], sensors, electronic devices, catalysts, conductive 
reinforcement additives to polymers [16]. Most pure MXenes are 
metallic (with some exceptions being semiconductors - like Ti2CO2) 
[7,17,18] due to relatively high density of states (DOSs) near the Fermi 
level [19]. Moreover, with proper functionalization, metallic MXenes 
can be transformed to semiconducting [20]. Mechanical strain has also 
been used to tune the direct band gap in some MXenes [21]. 

Charge transport in MXenes has also been a subject of several recent 
theoretical [22,23] and experimental studies [23]. We have selected to 
characterize charge transport properties of Ti3C2Tx. It exhibits a 
breakdown current density in the order of 108 A/cm2 and electric con
ductivity above 104 S/cm [24]. We embarked onto a detailed study of 
charge carrier transport in this material with the emphasis on the 
elucidation of the role of interfaces between Ti3C2Tx flakes. Charge 
carrier transport in the plane of the MXene flakes is known to proceed 
via extended states [23] and is characterized by single-flake mobilities 
above 103 cm2/Vs [25]. Less clear is charge transport in thin layers 
comprising an ensemble of 2D flakes in close proximity to each other. To 
elucidate this point we have employed time-dependent photoconduc
tivity measurements in coplanar-electrode geometry [26], which yields 
information on the charge transport through the whole layer and not 
only at the interface with gate-dielectric, which is the case with thin-film 
transistors (TFTs). Our results show that charge carrier mobility exceeds 
values of 100 cm2/Vs in continuous film of overlapping Ti3C2Tx flakes. 
We explain these results in terms of combined charge transport through 
extended energy states residing on the flakes and through the localized 
states at the inter-flake interfaces. 

2. Experimental section 

We have synthesized Ti3C2Tx by etching Ti3AlC2 using hydrofluoric 
acid. A detailed procedure is reported in Supplementary Information. 
The MXene samples for the TOFP measurement were prepared on high 
quality quartz glass substrates that were cleaned in an ultrasonic bath of 
acetone, followed by isopropanol and rinsed with distilled water. These 
substrates were subsequently surface-treated with nitrogen plasma for 
10 min and exhibited rms surface roughness lower than 0.3 nm (see 
Fig. S1 in Supplementary Information). Immediately after plasma 
treatment, the substrates were transferred into a nitrogen-filled glove
box with H2O and O2 levels below 1 ppm. The 10 mg/ml solution of 
MXene in H2O was spin-coated on top of plasma-treated substrate at 
5000 rpm for 1 min. Such high rpm is required in order to obtain ho
mogeneous coating due to the viscoelastic property of MXenes [27]. 
Since high temperatures [28] (along with oxygen in the presence of 
water [29]) accelerate the decay of MXenes, the samples were subse
quently dried in high vacuum (2 × 10− 7 mbar) at room temperature for 
3 days. Coplanar gold electrodes separated by 250 μm were deposited 
onto the MXene layer through a shadow mask by high-vacuum electron- 
beam evaporation. The space between electrodes is referred to as 
channel in the forthcoming text. To analyze the morphology and 
structure of the prepared MXene layer on quartz, we employed grazing 
incidence x-ray diffraction (XRD), scanning electron microscopy (SEM) 
and atomic force microscopy (AFM). 

Charge carrier mobility in pure MXene layers was characterized 
using a time-of-flight photoconductivity (TOFP) method which is 
explained more in detail in Ref. [26]. A constant bias Vb was applied 
between the two gold electrodes. In what follows we will refer to the 
“biased electrode” the one that is at higher electrical potential than the 
opposite electrode, which we will refer to as “collecting electrode”. We 
varied the bias in the range of +150 V to − 150 V. Charge carriers were 
excited by laser pulses provided by an optical parametric amplifier with 
a pulse duration of 3 ns and a repetition rate of 3 Hz. To ensure a spatial 
localization of the photoexcited carriers, the laser beam was focused into 
a line near the biased electrode through the use of a cylindrical lens. The 
width of the laser line was 10 ± 2 μm. The photoexcited charge carriers 
drifted in the electric field present within the MXene layer, and the 

resulting current I(t) was fed into a 4 GHz current amplifier and subse
quently measured as a voltage drop over an input resistor by 2.5 GHz 
digitizing oscilloscope. From the line shape of I(t) we have determined 
the charge carrier transit time needed to travel the interelectrode space 
and from transit time the charge carrier mobility was determined. 

3. Results and discussion 

Recently it has been shown that charge transport along a MXene 
flake differs in a profound way from the transport between the flakes. 
Band-like transport is characteristic for intra-flake charge carrier 
transport. Between the flakes instead, thermally-activated charge carrier 
hopping was found to be the predominant mechanism [23]. Since the 
dimensions of devices based on MXene flakes exceed several flakes, the 
latter transport mode ultimately limits the charge current that can be 
transported in a network of MXene flakes that may be overlapping or 
just touching. While the structure of an individual flake is crucial for the 
band-like transport, the morphology, i.e., mutual flake alignment within 
the MXene layer comprising many flakes determines the inter-flake 
transport. 

Relatively uniform orientation of the MXene flakes is confirmed by 
the SEM using secondary electron emission at 15 kV (Fig. 1a). A network 
of MXene flake edges is seen as elongated features of a lighter tone. By 
resolving the edges of flakes on the surface, we were able to calculate the 
flakes’ size, which we report as a square root of their area. Quite sig
nificant number of flakes exhibit sizes in the range between 6 μm and 16 
μm (see Fig. S4). XRD spectrum (Fig. 1b) exhibits a single sharp peak at 
2θ = 7.0◦, corresponding to the reflection from (002) plane of the flakes 
with interplanar crystal spacing of 12.46 Å, consistent with already re
ported diffraction peaks of MXenes [30,31]. The absence of any addi
tional peaks confirms an absence of crystalline impurities, and phases 
with different interlayer spacing, indicating a complete exfoliation of 
MXenes from the original MAX phase. It also indicates that the vast 
majority of the flakes is oriented with the (002) plane parallel to the 
substrate. Sample thickness of 12 nm was estimated by scratching the 
edge with a plastic tip and measuring the morphology profile with AFM 
(see Fig. S2 in Supplementary Information). 

These combined investigations of thin MXene layers on quartz 
therefore confirm high degree of uniformity of the alignment of the 
flakes and their complete exfoliation. They are oriented parallel on the 
substrate surface and form at most 6 layers. Due to relatively high 
density of grain boundaries we expect that inter-flake hopping will be of 
considerable importance in determining the charge carrier transport 
across the MXene layer. In addition, imperfect mutual alignment of the 
flakes, inevitably leads to the emergence of traps that immobilize charge 
carriers and further decrease their mobility. 

To characterize charge carrier transport in MXene layers we have 
selected to use TOFP because (i) it provides statistical distribution of 
charge carrier velocities, which is desirable for unarranged stacking of 
flakes and (ii) it probes charge transport through the whole layer, and 
not only at the interface with the gate dielectric, which is the case for, e. 
g. thin film transistors [26]. Of particular importance for TOFP experi
ments is the selection of the wavelength of the charge-carrier excitation 
light. We have already demonstrated that different charge transport 
channels can be accessed in blended layers of graphene and perylene 
derivatives (PDIF-CN2) [32]. By changing the excitation wavelength 
from maximum absorption in PDIF-CN2 to the UV region of increased 
absorption in graphene, we have detected almost two orders of magni
tude shorter transit times. We interpreted this phenomenon with the 
ability of electrons excited by UV light into high-energy states of gra
phene to travel through the blended layer with minimal nuclear 
scattering. 

We first focus on the optical absorption in Ti3C2Tx. Previous reports 
suggest that optical absorption spectra of Ti3C2Tx depends on the surface 
termination [33,34]. O- and F-terminated species exhibit considerably 
lower absorption for the photon energies below 3 eV. Common to all is a 
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relatively high absorption of photons with energies beyond 4 eV 
[33,35], where intra-band transitions dominate, as opposed to plas
monic losses that dominate low-energy part of the spectrum [36]. For 
metallic-like MXenes such as Ti3C2Tx inter-band transitions result in a 
distribution of hot electrons [37], which in the external electric field 
give rise to a measurable photocurrent. UV-VIS absorption spectra of 
Ti3C2Tx in a water solution with concentration lower than 0.01 mg/ml is 
shown in the inset of Fig. 1b. Two prominent peaks at 320 nm and 270 
nm (due to inter-band transitions [38]) are visible in addition to a much 
lower one at 780 nm (belonging to localized surface plasmon resonance 
[39]). To maximize the photoabsorption and consequently the photo
electron yield from the Ti3C2Tx layer we have set the wavelength of the 
excitation light to 270 nm (4.59 eV) – with the photon energy slightly 
above of the highest absorption peak. Note that this photon energy is 
lower than the workfunction of Au electrodes (5.1 eV), so that the 
eventual electrons resulting from the photoelectric effect and the asso
ciated photoelectron current is effectively quenched. 

Using excitation of 270 nm, we varied the bias between +150 V and 
− 150 V. For positive polarities of Vb, the magnitude of the photocurrent 
was below the noise level indicating that the majority of the excited 
charge carriers are electrons (see Fig. S3). Fig. 2a shows I(t) in a double 
logarithmic plot measured at Vb ranging from − 50 V to − 150 V. Some of 
the photogenerated charge carriers may collide with trap states (either 
on the surface or in the bulk) and become trapped for longer times than 
the duration of the measurement and do not participate in the charge 
transport anymore, while others are released soon after the trapping. 
This stochastic trapping typically results in a monotonically decreasing I 
(t), absent of any region of constant current [26]. As the charge carriers 
reach the collecting electrode the I(t) line shape exhibits a distinct 
change of slope [40]. This point marks the ttr. Rapid change of slope, as 
we have observed, is a direct experimental evidence of a coherent arrival 
of a part of photoexcited charge carriers, which exhibit the fastest drift 
velocities. Several methods to determine the ttr from the I(t) line shape 
have been proposed [26]. Here we devised an I(t) model, which is based 
on a method put forth by Scher and Montroll that is based on approxi
mating the line shape before and after the change of slope by a linear 
asymptotic function [41]. The ttr is located at the intersection of the two 
lines [41]. In addition to two asymptotes, our model empirically resolves 
the transition region in-between, where I(t) changes its slope: 

I(t) = I0 •

(
t
ttr

)α− 1

•

(

1 +

(
t
ttr

)γ )− β
γ

(1)  

where α and β determine I(t) slope before and after ttr. Both, α and β are 
unitless parameters connected to charge trapping and de-trapping dy
namics. Value of α is restricted between 0 and 1 and was formerly 
introduced as dispersion parameter [42]. While γ represents the width of 
the transition region. It quantifies the distribution of transit times of the 
subgroup of those charge carriers, which induced the change of I(t) 
slope. Using Eq. (1) to describe I(t) in Fig. 2b, we obtained values of α, β, 
γ (Fig. 2c) and ttr (Fig. 2b). From the values of ttr, Vb and channel length 
(L) the time-of-flight charge carrier mobility (μ) was calculated (Fig. 2b) 
using relation μ = π2

8 L2/Vbttr, which stems from the assumption of a 
charge carrier drifting with a constant mobility in a position-dependent 
electric field formed between coplanar electrodes when an external bias 
voltage is applied [26]. 

The resulting values ttr and μ as a function of square-root of the 
applied electric field (with the electric field being approximated as E =
Vb/L) are summarized in Fig. 2b. We can observe that ttr scales inversely 
with applied voltage Vb. Stronger electric field caused by larger values of 
Vb results in faster charge carrier transport across the Ti3C2Tx layer [43]. 
An examination reveals a mobility dependence on the applied electric 
field, going from 146 cm2/Vs at − 50 V to 279 cm2/Vs at − 150 V. The 
dependence on the electric field is a typical characteristic of the charge 
transport in disordered systems, while relatively high charge mobility, Fi
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similar to the values of crystalline systems, suggest that the charge 
transport in our MXene layers is of mixed type. This is consistent with 
recently presented studies of charge transport in Ti3C2Tx and Nb4C3Tx 
MXenes [23], where the dual character of charge transport was re
ported. Band-like transport is characteristic for intra-flake charge carrier 
transport with mobilities exceeding 103 cm2/Vs [25]. Between the flakes 
instead, thermally-activated charge carrier hopping was found to be the 
predominant mechanism [44]. As confirmed from the morphology im
ages, c.f. Fig. 1, our layers comprise Ti3C2Tx flakes that are in close 
proximity to each other, indicating a percolative conduction path 
through the whole layers. The interface between the flakes is therefore 
likely to be characterized by the presence of states residing at the flake 
edges, exhibiting thereby a relatively high degree of localization. This in 
turn is responsible for trapping electrons and thereby decreasing the 
macroscopic mobility across the channel. ttr is thus dependent on the 
time the carriers remain in a localized state. Higher external electric 
fields in turn suppress the potential barrier between these localized 
states, and reduces the release time [45]. This results in the mobility 
being positively proportional to the applied electric field. To explain the 
dependence of mobility on the electric field in materials with localized 
states, the Poole-Frenkel effect [46–48] is employed, expressed by 

μ(E) = μ0eβ
̅̅
E

√

. (2)  

where μ0 is the zero-field mobility, β is the Poole-Frenkel coefficient and 
E is the applied electric field. The Poole-Frenkel coefficient is related to 
the hopping distance [49] and the zero-field mobility is the intrinsic 
charge carrier mobility without the external electric field reducing the 
hopping barrier [50]. By fitting the data from Fig. 2b with this model, we 
estimate the μ0 to be 38 ± 15 cm2/Vs and β as (2.5 ± 0.6) × 10− 2 (cm/ 
V)1/2. 

The observed values of mobility are close to the values observed in 
the intra-flake charge carrier transport of other MXenes (TiCO2, Hf2CO2 
and Zr2CO2), where values with mobilities exceeding 103 cm2/Vs [25]. 
Our results agree well with the findings of Zheng et al. [23]. They 
interpreted the results of their charge transport measurements based on 

ultrafast terahertz spectroscopy and static conductivity in terms of large 
optical polarons, which effectively screen defect’s potential. Therefore, 
polaronic intra-flake transport is protected from scattering and trapping 
although our layers are deposited from solution and contain high density 
of structural defects. Meaning that the defects does not trap charge 
carriers during intra-flake transport. By knowing high defect tolerance 
of charge mobility in a single MXene flake, we can consider inter-flake 
transport-related effects. To our knowledge, charge mobility in poly
crystalline layers is orders of magnitude lower compared to single- 
crystal mobility [40] [51]. Related to this, Kinetic Monte Carlo (KMC) 
simulations of charge transport in polycrystalline layers yield important 
step forward. Meier et al. [52] represented KMC simulation of charge 
transport in polycrystalline layers, studying the role of grain boundaries 
on the effective charge mobility. They report that thickness and the 
electronic energy levels of grain boundaries control the alignment of 
Fermi level at the interface between crystalline and amorphous 
boundary region. In the case, when grain boundaries are wide and of 
lower energy, charge carriers prefer to accumulate into these amorphous 
domains, reducing the effective charge mobility by several orders of 
magnitude compared to the charge mobility of crystalline domains. In 
contrast, when grain boundaries represent a small fraction of the layer 
and when their energy levels are relatively close to levels in crystalline 
domains, the delocalized transport dominate in crystalline regions, 
while electronic states in grain boundaries represent minority trapping 
sites. By reducing the boundary thickness, they found, the tunneling 
occurs through grain boundaries between neighboring crystalline do
mains. Their most important KMC simulation result is that the field- 
effect mobility of a polycrystalline layers reaches in a best case up to 
10 % of the charge mobility of the crystalline domains [52]. TOFP probe 
charge transport throughout the layer and is not sensitive only to the 
interface of gate dielectric, as is the case of the field-effect mobility 
measurements [53]. Thus, the transport properties involve paths in the 
entire layer and not only in the region near the gate-dielectric interface. 
Kovtun et al. [54] were studying the charge transport through multi
layered randomly stacked films of reduced graphene oxide flakes. They 

Fig. 2. a) Time-dependent photocurrent (I(t)) in a double-logarithmic scale, measured by exciting a 12 nm thick Ti3C2Tx layer on quartz with 3 ns light pulses having 
a wavelength of 270 nm. The separation of two coplanar electrodes was 250 μm. Different colors of the symbols represent measurements performed at different 
values of interelectrode bias (Vb). Solid lines represent I(t) the model given by Eq.(1). Arrows mark transit time ttr. b) Transit times (green stars) and electron mobility 
(blue circles) as a function of the square-root of the applied electric field. The red solid line represents the fit to the Eq.(2). c) Parameters of Eq.(1) as a function of 
square-root of applied electric field corresponding to I(t) presented by solid lines in (a) (See text for details.) 
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realized that the flake-to-flake interfaces do not limit the charge trans
port, but instead, these interfaces represent an advantageous bypass in 
the percolative pathway of the charge carrier. Therefore, the drift ve
locity of charge carriers through a two-dimensional multilayered 
network of randomly oriented flakes is in principle able to retain the 
values of a single crystalline domain. Based on their findings, we suggest 
that the charge mobility of the fastest carriers, which we measured using 
TOFP method, reflects the charge mobility of the intra-flake domain. 

The high values of mobility observed can be therefore attributed to 
(i) the layer fabrication and (ii) the synthesis process that is able to 
produce high quality and stable MXene flakes. Related to the later, these 
flakes also exhibit large lateral size that results in a conductive path with 
fewer hopping processes. Related to the layer fabrication, when 
considering the mobility of a thin-film made of 2D materials, the surface 
morphology must be taken into account [55,56]. Jammed and obliquely 
aligned flakes result in a weak overlap between the plane of the flakes. 
This leads to high parasitic resistance at the flakes interface and a 
reduction in macroscopic mobility. Thus, the improved exfoliation 
method and the deposition on the substrate results in a good inter-flake 
connectivity that enhances the inter-flake charge transfer. This reflects 
in the measured charge mobility, which is substantially higher than 
previously published results. However it was shown that using different 
synthesis methods and processing routes for Ti3C2Tx can yield signifi
cantly different transport properties [57]. Also, we have taken a special 
care to avoid oxidation of the Ti3C2Tx edges, which irreversibly damages 
the flakes and reduces charge carrier mobility. Several previous exper
imental studies of Ti3C2Tx show varying carrier mobilities of 6 cm2/Vs 
(field-effect electron mobility [24]), 0.9 cm2/Vs (Hall effect measure
ments [58]), and 34 cm2/Vs (THz spectroscopy [59]). Although these 
mobilities are obtained using different experimental methods, we note 
that the charge carrier mobility in Ti3C2Tx is extremely dependent on the 
degree of edge oxidation, surface termination and chemical surrounding 
of e.g. surfactants and exfoliation agents. 

4. Conclusion 

We fabricated layers comprising multi-layered, randomly oriented 
Ti3C2Tx MXene flakes and characterized charge carrier transport in 
them. The results of time-of-flight photoconductivity measurements 
confirm electron transport with mobilities up to 279 cm2/Vs, which is 
substantially higher than previously reported field-effect mobility, 
which was below 10 cm2/Vs. The extrapolated zero-field mobility of 38 
± 15 cm2/Vs reaches values measured in single Ti3C2Tx MXene flakes 
(34 cm2/Vs). We suggest that this is a consequence of precise MXene 
exfoliation and efficient deposition process. The exfoliation yielded 
flakes with the largest dimensions on the order of several microns. The 
deposition of the layers resulted in up to 6-layer-thick film of inter
connected randomly oriented flakes. We demonstrate that the transport 
through such randomly connected percolation network can be charac
terized as charge transport through crystalline flakes, perturbed by 
trapping in the localized states, residing at the interfaces between the 
flakes. The former process results in high charge mobility, the latter 
results in a low charge carrier mobility. This duality is likely to be 
responsible for relatively high values of TOFP-measured charge carrier 
mobility. These results also suggest that charge trapping at the dielectric 
interface becomes less important when the charge carriers are trans
ported through several pristine MXene layers above and away from the 
dielectric interface as in our TOFP experiments. This results in overall 
higher observed charge carrier mobility. On the other side, the charge 
carrier mobility exhibits positive dependence on the electric field of the 
Poole-Frenkel type, which is typical for disordered material. This 
behavior seems to be pertinent to a multilayered network of randomly 
distributed flakes with an interfacial electronic structure, which does not 
suppress the charge transport, but it represents a bypass to improved 
charge carrier transport. 
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Jurij Urbančič: Conceptualization, Validation, Formal analysis, 
Investigation, Writing – original draft, Visualization. Erika Tomsič: 
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