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HIGHLIGHTS

Improved electrical conductivity

of monolayer Ti3C2TxMXene of up

to 11,000 S cm�1

Improved mobility of monolayer

Ti3C2Tx MXene of up to

6 cm2 V�1 s�1

High breakdown current density

of monolayer Ti3C2Tx MXene of

1.2 3 108 A cm�2

Current annealing of Ti3C2Tx
devices yields better electronic

characteristics
As the scaling down of integrated circuits continues, there is a growing interest in

electrically conductive materials with high current-carrying capacity for the next

generation of on-chip interconnects. Here, we report that monolayer Ti3C2Tx
MXene, an emerging two-dimensional material, has a high breakdown current

density of 1.2 3 108 A cm�2, which exceeds such properties of copper and other

conventional metals. The remarkable combination of high electrical conductivity

and high current-carrying capacity makes Ti3C2Tx promising for interconnect

applications.
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Progress and potential

In recent years, the increasing

demand for higher performance

of integrated circuits has been

met by scaling down various

device components, including on-

chip interconnects. However, as

the use of conventional metals,

such as copper, in miniaturized

interconnects becomes

increasingly challenging, there is a

growing interest in alternative

interconnect materials with high

electrical conductivity and

breakdown current density. Here,

we demonstrate a very high

breakdown current density in

monolayer Ti3C2Tx, a material

from the family of two-

dimensional transition metal

carbides known as MXenes, which

exceeds such properties of

copper and other conventional

metals. The remarkable

combination of high electrical

conductivity and breakdown

current density found in Ti3C2Tx
extends the already impressive list

of potential applications of

MXenes to microelectronics and

warrants investigation of other

materials from the large MXene

family, some of whichmay possess

even better characteristics.
SUMMARY

As the scaling down of integrated circuits continues, there is a
growing interest in electrically conductive materials with high cur-
rent-carrying capacity for next-generation on-chip interconnects.
Here, we report very high breakdown current density in Ti3C2Tx
MXene, an emerging two-dimensional material. We performed elec-
trical measurements of individual high-quality monolayer Ti3C2Tx
flakes, which were prepared by an improved synthesis method,
and found that they exhibit electrical conductivities of up to
11,000 S cm�1 and field-effect electron mobilities of up to 6 cm2

V�1 s�1, both representing the best values reported for Ti3C2Tx
flakes so far. All flakes exhibited very similar breakdown current
densities of about 1.2 3 108 A cm�2, which are comparable with
the best two-dimensional materials, including graphene. The
remarkable combination of high electrical conductivity and high cur-
rent-carrying capacity makes Ti3C2Tx promising for nanometer-thin
interconnects and warrants investigation of breakdown current den-
sities of other materials from the large MXene family.

INTRODUCTION

Two-dimensional (2D) transition metal carbides, nitrides, and carbonitrides, known

as MXenes, are a large family of 2D materials with applications in energy storage,

electronics, catalysis, and other fields.1,2 MXenes have a general formula of Mn+1

XnTx, where M is a transition metal, such as Ti, Zr, Nb, V, etc.; X is carbon and/or ni-

trogen; n = 1, 2, 3, or 4; and Tx represents the surface functional groups.1–3 Remark-

ably, while more than 30 different MXenes have been experimentally demonstrated

and many others have been predicted theoretically, over 50% of all research efforts

so far have been focused on the first discovered MXene, Ti3C2Tx.
4 The great interest

in this material is related to the availability of well-established synthesis procedures,5

its composition based on earth-abundant elements, as well as extraordinary physical

and chemical properties. For example, electrical measurements of individual Ti3C2Tx
flakes demonstrated their high electrical conductivity of about 4,600 S cm�1,6 while

nanoindentation experiments on monolayer Ti3C2Tx revealed its effective Young’s

modulus of 330 GPa, which exceeds the values reported for most other 2D

materials.7

Interestingly, the combination of high electrical conductivity,6 which shows only a

weak temperature dependence,8 and stability suggests that Ti3C2Tx could possess

a high breakdown current density, a technologically important property that has

not been discussed with respect to MXenes yet. High current-carrying capacity
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may extend the already impressive list of potential applications of MXenes to new

areas that include high-voltage technologies and on-chip interconnects. As the

scaling down of integrated circuits continues, the use of conventional metals, such

as copper, in miniaturized interconnects becomes increasingly challenging, because

the resistance of metallic wires rises rapidly as their width decreases.9,10 As a result,

there is a growing interest in alternative interconnect materials, and many 2D mate-

rials with appreciable electrical conductivities have been tested for interconnect ap-

plications. Graphene, the first 2D material that received a wealth of attention from

the materials community,11,12 was shown to exhibit high breakdown current den-

sities on the order of 108 A cm�2, which is at least two orders of magnitude larger

than that of copper, the most common interconnect material.13–15 A variety of other

2D materials were also tested for their breakdown current densities, including TiS3
(1.7 3 106 A cm�2),16 MoS2 (�5 3 107 A cm�2),17 WTe2 (�5 3 107 A cm�2),18

ZrTe3 (�108 A cm�2),19 and TaSe3 (�108 A cm�2),20 for some of which the reported

values also exceeded such properties of copper and other conventional metals and

were comparable with the characteristics of graphene.

Considering the remarkable combination of physical properties of Ti3C2Tx and the

demonstrated promise of other 2Dmaterials for interconnect applications, in this study,

we fabricated field-effect transistor (FET) devices based onmonolayer Ti3C2Tx flakes and

tested their current-carrying capacity to determine how they compare with 2Dmaterials

with the highest breakdown current densities reported so far. We utilized Ti3C2Tx pre-

pared by the recently reported synthesis method,21 which yields high-quality monolayer

flakes with a Ti:C atomic ratio very close to the ideal value of 1.5 and improved chemical

stability. The devices exhibited electrical conductivities of up to 11,000 S cm�1 and field-

effect electronmobilities of up to 6 cm2 V�1 s�1, both representing an improvement by a

factor of two compared with the values reported in our previous study of similar Ti3C2Tx
FETs.6 Aswe increased the drain-source voltages applied to the Ti3C2Tx devices, we first

observed the improvement in electrical conductivity, which we attribute to the effect of

joule heating leading to removal of adsorbed species.22 This result suggests that current

annealing is a useful procedure for improving electrical characteristics ofMXene devices.

At higher voltages, we observed electrical breakdown of Ti3C2Tx devices, which was

confirmed by microscopic techniques. All tested devices exhibited very similar break-

down current densities of about 1.23 108 A cm�2, which are comparable with the best

2Dmaterials, includinggraphene.The remarkablecombinationofhighelectrical conduc-

tivity and high current-carrying capacitymakes Ti3C2Tx promising for interconnect appli-

cations andwarrants investigationofbreakdown current densities of othermaterials from

the large MXene family, some of which may possess even better characteristics.
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RESULTS AND DISCUSSION

Ti3C2Tx synthesis and characterization

MXenes are synthesized from layered carbides and nitrides with a general formula of

Mn+1AXn, known as MAX phases,1,2 and the synthesis protocol plays a crucial role in

the functional properties and the environmental stability of the produced material.6

Reagents used for the MAX phase etching may change the terminal groups (=O, –OH,

–F, etc.) in the resulting MXene, altering its electronic properties. Also, harsh reagents

canpromote the formationofmultipledefects in theMXeneflakes,whichadversely affect

their stability inwater. Finally, the quality ofMXene depends on the crystallinity andgrain

sizeof theprecursorMAXphase,whichare stronglyaffectedbycrystalgrowthconditions.

In this work, we synthesized MXene using an improved method presented by Mathis

et al.,21 which produces flakes with significantly better environmental stability compared

to the previously reported procedures.[5] This method relies on the use of a precursor
1414 Matter 4, 1413–1427, April 7, 2021
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Figure 1. Characterization of Ti3C2Tx flakes

(A) Scheme of the crystal structure of Ti3C2Tx MXene. Yellow spheres, Ti; black spheres, C; the

surface functional groups (Tx) are shown as –OH groups (red spheres, O; gray spheres; H).

(B) Photograph of an aqueous colloidal solution of Ti3C2Tx in a cuvette.

(C) UV-vis-NIR absorption spectrum of an aqueous colloidal solution of Ti3C2Tx.

(D) XRD pattern of a Ti3C2Tx film.

(E) XPS Ti2p spectrum of Ti3C2Tx. The dots show the experimental data, while the solid curves show

their fitting.

(F) Optical photograph of Ti3C2Tx flakes on a Si/SiO2 substrate.

(G and H) TEM images of an individual monolayer Ti3C2Tx flake at different magnifications.
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Ti3AlC2 MAX phase with improved grain size, stoichiometry, and crystallinity, which was

producedusing anexcess ofAl andTi in themixturewith TiC.After a solid-state synthesis

at 1,380�C, the Ti3AlC2 particles were washed with HCl and then subjected to selective

etching of Al using HF/HCl solution, followed by a delamination to produce large flakes,

up to 20 mm in size. It was shown that these Ti3C2TxMXene flakes have a Ti:C atomic ratio

very close to the ideal value of 1.5,21 and a lower concentration of structural defectswhen

compared with the flakes made by other methods.5 As a result, the Ti3C2Tx flakes pre-

paredby this newmethodhada very long shelf lifeof severalmonths if storedas aqueous

suspensions in ambient conditions, and their oxidation in air started at temperatures

100�C–150�C higher than for similar MXenes produced from a conventional Ti3AlC2.
21

The structure of a Ti3C2Tx MXene flake is shown in Figure 1A, demonstrating three

layers of Ti in the cubic close packed (ccp) arrangement with carbon atoms occu-

pying the octahedral voids. The Ti3C2Tx structure in Figure 1A is oriented in a way
Matter 4, 1413–1427, April 7, 2021 1415
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that highlights its relationship with the NaCl-type structure of TiC.23 While the sur-

face of the Ti3C2Tx flake in Figure 1A is schematically shown to be terminated with

hydroxyl groups, other terminal moieties, such as =O and –F, were also shown to

be present in Ti3C2Tx based on the results of X-ray photoelectron spectroscopy

(XPS).24

The synthesized Ti3C2Tx MXene was stored as a colloidal solution in water, which

prevented the flakes from aggregating. It was shown that Ti3C2Tx flakes synthesized

by the improved method can be stored as an aqueous suspension for at least

10 months with only minor degradation of electronic properties.21 A photograph

of an aqueous colloidal solution of Ti3C2Tx flakes is presented in Figure 1B. The so-

lution has the green color that is characteristic of Ti3C2Tx MXene.5,25 This color is

consistent with the results of optical spectroscopy of an aqueous colloidal solution

of Ti3C2Tx (Figure 1C), where the minimum absorption in the visible range of

spectrum is observed around 520 nm (green). The ultraviolet-visible-near-infrared

(UV-vis-NIR) absorption spectrum in Figure 1C is consistent with prior reports for

Ti3C2Tx MXene.25

When a concentrated MXene suspension is dried on a substrate, the flakes are pri-

marily deposited parallel to the surface, forming a layered film that is schematically

shown in the inset in Figure 1D. The structure of this layered film can be probed by

X-ray diffraction (XRD) analysis, as presented in Figure 1D. The XRD spectrum of a

layered Ti3C2Tx MXene film in the range of 5� % 2q % 50� shows six peaks, which

can be indexed as a series of 00l (l = 1, 2, . 6) reflections. Since no other peaks

are found in the XRD spectrum, we conclude that the sample does not contain

appreciable quantities of crystalline impurities, including the original Ti3AlC2 MAX

phase. The indexed reflections correspond to the spacing of 1.25 nm, which is larger

than the nominal Ti3C2Tx monolayer thickness of 0.98 nm.7 This difference implies

the presence of the water molecules trapped between the layers, which is in line

with the previously reported data on Ti3C2Tx synthesized using the minimally inten-

sive layer delamination (MILD) method.6

The results of XPS characterization of drop-casted MXene films were consistent with

the previously published data for Ti3C2Tx.
6,24,26 A high-resolution XPS Ti2p spec-

trum (Figure 1E) was collected using the pass energy of 20 eV and the step of 0.1

eV. It can be fit with three pairs of components: (1) Ti-C belonging to pure MXene

phase (455.4 eV for Ti2p3/2 and 460.9 eV for Ti2p1/2);
6,24,26 (2) Ti–X from sub-stoi-

chiometric TiCx (x < 1) or titanium oxycarbides (456.0 eV for Ti2p3/2 and 461.9 eV

for Ti2p1/2);
26 (3) Ti bound to the oxygen surface functional group, which could be

represented as TixOy (457.2 eV for Ti2p3/2 and 462.8 eV for Ti2p1/2).
26 However,

the main result of the XPS characterization is the absence of signals from TiO2

(458.8 eV for Ti2p3/2),
6,24,26 which further confirms the high quality of the studied

Ti3C2Tx MXene sample.

When a droplet of a diluted Ti3C2Tx solution in water was dried on a Si/SiO2 sub-

strate, the size of randomly distributed MXene flakes could be examined by optical

microscopy (Figure 1F). Uniformly colored flakes of up to 20 mm in size could be

located and later used for device fabrication. Transmission electron microscopy

(TEM) imaging allows a more detailed structural characterization of Ti3C2Tx. Shown

in Figure 1G is an individual flake of about 5 mm in size that has a very uniform surface

without visible pinholes or foreign particles, which suggests high quality of the

MXene material. Partially oxidized Ti3C2Tx flakes are known to exhibit pinholes

and elongated TiO2 particles, which tend to predominantly congregate at the
1416 Matter 4, 1413–1427, April 7, 2021
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Figure 2. Characterization of electrical properties of Ti3C2Tx flakes

(A) Scheme of a two-terminal device with a Ti3C2Tx channel.

(B) False-color SEM image of a two-terminal device based on a monolayer Ti3C2Tx MXene flake. The

Cr/Au electrodes are colored in yellow for clarity.

(C) IDS-VDS curves obtained from two-terminal measurements of a Ti3C2Tx device shown in (B) at the

gate voltages of 40, 0, and �40 V. See also Table S1 for results of the device measurements.

(D) Two-terminal transfer characteristics of a monolayer Ti3C2Tx FET. VDS = 0.1 V.
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edges; see examples of TEM images of degraded Ti3C2Tx flakes in Figure S1. High-

resolution TEM (Figure 1H) shows the expected hexagonal arrangement of Ti atoms

with the average interatomic distance of about 0.302 nm.

Electronic properties of Ti3C2Tx devices

Twelve two-terminal devices with Ti3C2TxMXene channels were fabricated using the

standard electron beam lithography followed by the deposition of 3 nm of Cr and

15 nm of Au. The device scheme is presented in Figure 2A, showing a monolayer

Ti3C2Tx flake bridging source (S) and drain (D) electrodes on top of a Si/SiO2 sub-

strate. The heavily p-doped Si substrate served as a bottom gate (G) electrode in

the electrical measurements. A scanning electron microscopy (SEM) image of a

representative Ti3C2Tx device is shown in Figure 2B; the Cr/Au electrodes are

colored in yellow for clarity. The typical channel length in the fabricated devices

was about 5 mm. The lateral dimensions of all studied devices are presented in Table

S1 for reference.

Electrical characterization of the devices was performed in vacuum at the residual

pressure of 2 3 10�6 torr after 2 days of evacuation to minimize the effect of surface

adsorbates.27 The IDS-VDS dependencies at three different gate voltages, �40, 0,

and 40 V, are shown in Figure 2C. The IDS-VDS dependencies are linear, which is

indicative of ohmic contacts between the channel material and the gold electrodes,

and nearly coincide, demonstrating a weak modulation of the electrical conductivity

of Ti3C2Tx by the gate voltage. The sheet resistances for the devices were calculated

from the IDS-VDS curves measured at VG = 0 and the flake dimensions, see Table S1.

The average sheet resistance is 1,160 G 220 U ,�1. MXene resistivity can be esti-

mated by dividing the sheet resistance by MXene thickness, which, according to
Matter 4, 1413–1427, April 7, 2021 1417
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TEM imaging and theoretical calculations, is about 0.98 nm.28,29 The average resis-

tivity for the nine measured monolayer MXene devices is 1.14G 0.21 mUm, with the

minimum of about 0.9 mUm. These values correspond to the average conductivity of

9,050G 1,620 S cm�1 and themaximum conductivity of 11,000 S cm�1, respectively,

representing a significant improvement over our previous result of 4,600 S cm�1,

which was reported for Ti3C2Tx flakes synthesized by the MILDmethod.6 Better elec-

tronic characteristics could be attributed to the higher quality of Ti3C2Tx flakes

prepared by the improved synthesis method.21

Figure 2D shows transfer characteristics measured in the range of �40 V to +40 V

applied to the gate electrode. The IDS-VG dependence is linear and similar to our

previous report.6 The IDS gradually increases when VG sweeps from negative to pos-

itive values, which is indicative of the n-type transport. Field-effect mobilities were

extracted from the transfer characteristics of all measured devices using the formula

mFE =Cd
�1 3 vr�1=vVG, whereCd is the capacitance of a 300-nm-thick SiO2 dielectric

layer and r is the resistivity of MXene channel. As presented in Table S1, the mobil-

ities of the studied Ti3C2Tx MXene devices ranged from 3.8 to 6 cm2 V�1 s�1, with

four devices showing the maximum value of mFE = 6 cm2 V�1 s�1. The average value

mFE = 5.2 G 0.9 cm2 V�1 s�1 is two times larger than our previous report of mFE =

2.6 cm2 V�1 s�1 for the Ti3C2Tx flakes synthesized by the MILD method,6 which

further demonstrates the high quality of the MXene material prepared by the

improved synthesis method.21

Current annealing and breakdown of Ti3C2Tx devices

In the following experiment, we studied the effect of gradually increased drain-

source voltage on the electronic properties of a MXene channel. In each cycle, the

current measurements started at VDS = 0, then the drain-source voltage was

increased up to a maximum VDS,m (forward sweep), and then returned back to

VDS = 0 (backward sweep). After that, the device resistance was measured at

VDS = 0.1 V every minute for 3 min to study the relaxation of the device conductivity

over time. Finally, transfer characteristics were recorded at different gate voltages to

capture the changes in the field-effect mobility of the device. The next cycle started

immediately after that with VDS,m increased by 1 V.

Figures 3A–3C demonstrate the IDS-VDS curves of the Ti3C2Tx device shown in Fig-

ure 2B at VDS,m ranging from 1 V to 16 V. As the VDS,m gradually increased, the

IDS-VDS curves varied significantly and could be grouped into three distinct regions.

At low VDS,m values from 1 V to 5 V, the IDS-VDS curves are linear with backward

sweeps coinciding with forward sweeps (see Figure 3A). This behavior indicates

that the channel material remains unchanged and the device can be safely operated

withing this range of VDS.

The second region starts at VDS,m = 6 V, and differentiates from the previous region

by the backward sweep measuring higher currents than the forward sweep, thus

showing a hysteretic behavior (see Figure 3B). It is notable that the IDS-VDS curve

of the forward sweep coincides with the IDS-VDS curve for the backward sweep

from the previous cycle with lower VDS,m, which means that the changes in the elec-

tronic properties of the device are permanent. Gradual increase in the slope of IDS-

VDS curve at higher VDS,m indicates the increase in the channel conductivity, which

can be explained by the effect of current annealing observed in transistors made

of other 2D materials, such as graphene.22 Specifically, current annealing is known

to improve contact resistance in graphene andMoS2 devices. Also, the joule heating

may result in the removal of possible photoresist residues,22 adsorbate species such
1418 Matter 4, 1413–1427, April 7, 2021
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Figure 3. Current annealing and breakdown of a Ti3C2Tx device

(A–C) IDS-VDS curves measured in cycles of gradually increased maximum VDS,m from 1 V to 5 V (A),

from 6 V to 10 V (B), and from 11 V to 16 V (C).

(D) Channel resistance (Rch) and field-effect mobility (mFE) as functions of the maximum drain-source

voltage (VDS,m) applied to the device. Inset shows that, after each VDS,m, four Rch values were

measured with 1-min intervals.

(E) False-colored SEM image of the device shown in Figure 2B after its current breakdown at VDS,m =

16 V. See also Figures S2 and S3 for SEM and optical images of other tested devices.
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as water molecules,30,31 as well as some of the functional groups of MXene,32 further

improving transport properties of a channel material.

Finally, the third region starts at VDS,m = 11 V with IDS-VDS curves also showing hysteretic

behavior, but with the opposite direction (see Figure 3C). After reaching a certain

maximum level (i.e., IDS,max = 3.7 mA for the presented device), the current does not in-

crease with the increase of drain-source voltage, resulting in the IDS-VDS curves at the

backward sweeps being lower than the forward sweeps for the same VDS,m. The device

channel has lower conductance after reaching IDS,max and, since the IDS-VDS curve of the

backward sweep coincides with the forward sweep of the next cycle, we conclude that

the change is permanent. The hysteresis is observed in the IDS-VDS curves up to VDS,m =

15 V. In the next cycle, shown as a black curve in Figure 3C, the IDS suddenly drops at

VDS = 15 V and the backward sweep shows currents significantly lower than recorded

in the previous cycles. The change is permanent, and the device shows no IDS depen-

dence on VG in the transfer characteristics measurements, which can be interpreted

as the circuit break due to current breakdown. Indeed, the SEM image shows significant

damage to the MXene channel in the central region of the device channel (see

Figure 3E).

We studied the dynamics of channel resistance after each cycle for 3 min, as well as

the change in the field-effect mobility of Ti3C2Tx MXene. The measurements were

performed at VDS = 0.1 V, at a significantly lower bias than the regular sweep mea-

surements with VDS,m ranging from 1 to 16 V. The results of the experiment are shown
Matter 4, 1413–1427, April 7, 2021 1419
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in Figure 3D, where the channel resistance (red curve) is measured after each cycle of

VDS,m (shown as the horizonal axis) four times with the interval of 1min. The change in

the channel resistance shows similar dynamics with three distinct regions as in Fig-

ures 3A–3C . At first, the channel resistance remains the same as before the start

of the experiment at Rch = 2.5 KU. After the cycle of VDS,m = 6 V, the channel resis-

tance drops by 50 U, and remains stable at this level for at least 3 min. In the next

cycle at higher VDS,m, the channel resistance shows further decline and reaches its

minimum of Rch = 2.05 KU observed after VDS,m = 10 V. Finally, at higher VDS,m =

11 V and further, the dynamic reverses and the channel resistance starts to increase,

showing signs of degradation of the channel material. It is notable that in the last

(breakdown) region shown in pink in Figure 3D, after each VDS,m cycle the resistance

at VDS = 0.1 V drops slightly after a minute of consecutive measurements. This vari-

ation of channel resistance over time was not observed in the previous regions with

lower VDS,m and suggests that the device relaxes after considerable joule heating.

The field-effect mobility also undergoes changes after application of high VDS,m, but

the dynamic is different from the variation of Rch (see the blue curve in Figure 3D).

The mobility slightly increases with the increase of VDS,m from its original value of

mFE = 4.8 cm2 V�1 s�1 before the experiment and reaches the maximum of mFE =

5.1 cm2 V�1 s�1 after VDS,m = 8 V, after which it starts to decrease and returns

back to the original value of mFE = 4.8 cm2 V�1 s�1 after VDS,m = 10 V. It is notable

that the peak of mobility occurs in the middle of the current annealing stage, which

means that the best device performance is achieved at lower VDS,m than the start of

device breakdown. The effect can be explained by degradation of the channel/sub-

strate interface due to elevated temperatures. The decrease of mobility accelerates

further at higher VDS,m R 11 V, due to the partial breaking of the flake, which effec-

tively reduces the width of the conducting channel. The mobility reaches its lowest

value of mFE = 1.9 cm2 V�1 s�1 after VDS,m = 15 V before the complete breakdown.

The maximum current density of monolayer Ti3C2Tx was calculated using the

equation

jc =
IDS; max

w,t
; (Equation 1)

where IDS; max is the maximum IDS measured before the breakdown, w is the average

channel width, and t is the thickness (0.98 nm for the monolayer Ti3C2Tx).
7,28,29 The

data for each measured device are available in Table S2. The maximum current den-

sity values for the tested monolayer devices were in the range from 1.04 to 1.44 3

108 A cm�2, with the average jc = 1.21 G 0.14 3 108 A cm�2. The jc value for Ti3C2Tx
monolayer is much higher than for 2D materials like MoS2 and WTe2,

17,18 and com-

parable with the materials with the highest jc values on the order of 108 A cm�2: gra-

phene,13–15 ZrTe3,
19 TaSe3,

20 and metallic single-walled carbon nanotubes.33 A

comparison of maximum jc values for these and other materials is presented in Table

S3.

We investigated the structural damage that occurred to the Ti3C2Tx flakes because

of the current breakdown by atomic force microscopy (AFM). Figures 4A and 4B

show AFM images of the same Ti3C2Tx device before and after the experiment;

both images were collected at the same conditions. The pristine flake is clean and

uniform in thickness but, after the breakdown, the center of the flake is damaged

and the area around the break has uneven thickness. Figure 4D shows the height

profile of the area with the most significant damage to the device. Upon breakdown,

the joule heating produced enough energy to melt the SiO2 dielectric layer, forming
1420 Matter 4, 1413–1427, April 7, 2021
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Figure 4. Structural damage of a Ti3C2Tx flake after the current breakdown

(A and B) AFM images of a Ti3C2Tx device (A) before and (B) after the current breakdown. Note that

the Cr/Au contacts shown as the horizontal yellow stripes are out of range of the height scale bar.

(C) Comparison of height profiles before and after the breakdown. The corresponding positions are

shown in (A) and (B) as gray and red dashed lines.

(D) Height profile of the damaged area of the Ti3C2Tx flake measured along the green dashed line

in (B).
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an indentation of about 2 nm. It should be noted that the melting point of SiO2 is

about 1,700�C, illustrating the enormous current density and the associated joule

heating that a monolayer Ti3C2Tx can withstand before the breakdown. The flake

areas close to the device contacts were unaffected because the Cr/Au leads served

as heat sinks. Examples of other Ti3C2Tx devices before and after the current break-

down are shown in Figure S2. Previous studies have shown that Ti3C2Tx is stable in an

oxygen-free environment up to at least 850�C with gradual loss of functional groups

upon annealing.32,34

Figure 4C shows a comparison of height profiles of the Ti3C2Tx flake before and after the

current breakdown, which were measured along the same line across the device chan-

nel. In its pristine form, the flake thickness is about 2.4 nm, which is similar to the values

reported in our previous works for monolayer Ti3C2Tx measured on a Si/SiO2 sub-

strate.6,35 Interestingly, we previously observed a smaller AFM height of about 1.6 nm

for the monolayer Ti3C2Tx flakes lying on top of other flakes.7,35 We suggested that

the flakes lying directly on Si/SiO2 appear thicker in AFM measurements than the flakes

lying on other flakes because apparently there is a larger number of adsorbed mole-

cules, such as water, at the Ti3C2Tx/SiO2 interface than between the Ti3C2Tx layers.
7 Fig-

ure 4C shows that, after the current breakdown, themajority of the flakehas the thickness

reduced by about 0.8 nm down to 1.6 nm. Since the flake has no visible damage in the

measured area (Figures 4A–4C), we conclude that the joule heating at high IDS currents

resulted in the desorption of the adsorbate molecules trapped between the substrate

and the flake, reducing the measured AFM thickness. We observed a similar thickness

reduction after annealing Ti3C2Tx devices at 300�C in Ar. The change in the thickness

of the Ti3C2Tx flakes upon current breakdown can also be detected by optical micro-

scopy, as shown in Figure S3.
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Figure 5. Effect of the Ti3C2Tx thickness on the current breakdown

(A–C) AFM and SEM images of devices based on (A) 1L, (B) 2L, and (C) 3L Ti3C2Tx flakes. AFM

images show pristine devices, while SEM images show the same devices after the current

breakdown. The height scale bar applies to all AFM images. In SEM images, the damaged areas of

the flakes are shown by the purple arrows. See also Figure S3 for optical images.

(D) Dependence of the average AFM thickness of Ti3C2Tx flakes on the number of monolayers. The

dashed line shows the linear fitting of the data. Inset: comparison of the AFM height profiles of the

1L, 2L, and 3L Ti3C2Tx flakes shown in (A)–(C).

(E) Normalized IDS-VDS curves showing the current breakdown of 1L, 2L, and 3L flakes. The vertical

axis is shown as IDS/w, wherew is the average width of a Ti3C2Tx flake. The horizontal axis is shown as

VDS/VDS,max, where VDS,max is the breakdown voltage for a Ti3C2Tx device.
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It is notable that there is a small protruding region in the bottom left region of the flake,

which is indicated by the white arrow in Figure 4B and appears to be unaffected by the

electrical measurements, as its thickness does not change upon the current breakdown

of the device (Figure 4C). It is likely that, because of the geometry of the flake, this pro-

truding region had a lower current density compared with other regions of the flake

along the red line in Figure 4B. However, the fact that this region was not sufficiently

annealed by the joule heat generated from other regions of the flake provides an

interesting perspective on the likely modest thermal conductivity of Ti3C2Tx, which is

another important property of MXenes requiring further investigation.

While the described synthesis method primarily yields monolayer (1L) Ti3C2Tx
flakes,21 we occasionally observed bilayer (2L) and trilayer (3L) flakes as well, which

were also used for device fabrication and electrical measurements. Figure 5 shows a

comparison of the FET devices based on 1L, 2L, and 3L Ti3C2Tx flakes. Figures 5A–

5C demonstrate AFM images of the devices before the electrical measurements,

while Figure 5D shows the corresponding height profiles of the 1L, 2L, and 3L

Ti3C2Tx channels of these devices. The thicknesses of the Ti3C2Tx flakes consistently

increase with the number of layers.

SEM images in Figures 5A–5C show the same Ti3C2Tx FETs after the electrical

breakdown. Interestingly, the damaged areas of the device channels, which are
1422 Matter 4, 1413–1427, April 7, 2021
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indicated by the purple arrows, could be easily visualized by SEM at the acceler-

ating voltage of 5 kV. The damaged area appears as a relatively narrow strip in

the middle of the channel for the 1L Ti3C2Tx FET (Figure 5A; also see Figure S2

for SEM images of other devices based on monolayer flakes) but becomes increas-

ingly broad for the 2L (Figure 5B) and 3L (Figure 5C) flakes, suggesting that the

joule heating is more delocalized in thicker channels. Despite different thicknesses

of the flakes, all devices in Figure 5 exhibited the breakdown current densities com-

parable with the average jc = 1.21 G 0.14 3 108 A cm�2 found for monolayer de-

vices: 1.44 3 108 A cm�2 (1L; the highest value measured in this work, see

Table S2), 1.10 3 108 A cm�2 (2L), and 0.98 3 108 A cm�2 (3L). In general, the

breakdown voltages (VDS,max) are expected to be proportional to the channel

length (L), while the breakdown currents (IDS,max) should be proportional to the

channel width (w) and thickness (t).36 The dependence on the number of layers

can therefore be illustrated by plotting the IDS-VDS dependences for the devices

shown in Figures 5A–5C in the IDS/w versus VDS/VDS,max coordinates. These depen-

dencies shown in Figure 5E demonstrate that the IDS,max/w values are proportional

to the number of layers in the Ti3C2Tx flakes in accord with Equation 1. Therefore,

while the reported maximum current density of 1.21 G 0.14 3 108 A cm�2 was

determined from the electrical measurements of Ti3C2Tx monolayers, it could be

extended to thicker flakes.
Conclusions

In summary, we demonstrated monolayer Ti3C2Tx MXene devices with electrical

conductivities of up to 11,000 S cm�1 and field-effect electron mobilities of up to

6 cm2 V�1 s�1, both representing an improvement by a factor of two compared

with the values reported in our previous study of similar Ti3C2Tx FETs.
6 We attribute

these better characteristics to the higher quality of Ti3C2Tx flakes, which were pre-

pared by the improved synthesis method.21 As we increased the drain-source volt-

ages applied to the Ti3C2Tx devices, we first observed the improvement in electrical

conductivities and field-effect mobilities, which we explain by the effect of joule

heating.22 At higher voltages, we observed electrical breakdown of Ti3C2Tx devices,

which was confirmed by microscopic techniques. All tested devices exhibited very

similar breakdown current densities of about 1.2 3 108 A cm�2, which are compara-

ble with the best 2D materials, including graphene. The remarkable combination of

high electrical conductivity and high current-carrying capacity makes Ti3C2Tx prom-

ising for interconnect applications and warrants investigation of breakdown current

densities of other materials from the largeMXene family, some of which may possess

even better characteristics.
EXPERIMENTAL PROCEDURES
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Materials and reagents

Powders of TiC (99.5%, �325 mesh, Alfa Aesar), Ti (99.5%, �325 mesh, Alfa Aesar)

and Al (99.5%, �325 mesh, Alfa Aesar) were used for Ti3AlC2 synthesis. HCl (Fisher

Scientific), HF (50%, Acros Organics), and LiCl (99.3% Chem-Impex Int.) were used in

etching of Ti3AlC2 to Ti3C2TxMXene. The produced flakes were deposited on p-type

silicon wafers covered with 300 G 15-nm-thick SiO2 (Silicon Quest International) for

device fabrication.

PMMA950 A4 (4% polymethyl methacrylate in anisole, MicroChem Corp.), methyl

isobutyl ketone:isopropanol (1:3) (MIBK:IPA, MicroChem Corp.), isopropanol (IPA,

Sigma-Aldrich, 99.5+%), and acetone (Fisher Scientific, 99.7%) were used for

electron beam lithography to pattern the electrodes on the Ti3C2Tx MXene flakes.

Cr (99.995%) and Au (99.999%) targets (International Advanced Materials) were

used for electron beam evaporation.

Ti3AlC2 synthesis

The MAX and MXene synthesis follow procedures as reported in Mathis et al.21 A

2:1:1 mass ratio of TiC:Ti:Al powders were mixed by ball mill for 18 h at 70 rpm using

a 2:1 mass ratio of zirconia balls to powder. The mixed powder was packed into an

alumina crucible, which was then covered with graphite foil and placed into a tube

furnace. The tube furnace was purged with argon for 30 min at room temperature.

The tube furnace was then heated to 1,380�C for 2 h with a heating and cooling

rate of 3�C/min while argon flowed at �100 sccm. The sintered Ti3AlC2 block was

milled into powder with a TiN-coated milling bit. The Ti3AlC2 powder was slowly

mixed with HCl at a ratio of 10 mL per gram of Ti3AlC2 and stirred with a PTFE

(polytetrafluoroethylene) magnetic stir bar for 4 h. The Ti3AlC2/HCl solution was

vacuum filtered using a filter membrane of 5 mm pore size. The filtered Ti3AlC2

was washed by repeated filtration of deionized (DI) water through the Ti3AlC2 until

the filtrate was at pH �6. The Ti3AlC2 was dried in a vacuum oven for 6 h at 80�C.
The Ti3AlC2 powder was sieved through a 450-mesh (32 mm) particle sieve and

then collected.

Ti3C2Tx synthesis

Six milliliters of DI water, 12 mL of 12M HCl, and 2mL of 50 wt % HF were added to a

60-mL high-density polyethylene bottle which was left loosely capped throughout to

allow gas pressure to escape. One gram of Ti3AlC2 was added and mixed with a

PTFE magnetic stir bar at 400 rpm for 24 h at 35�C. The multilayer Ti3C2Tx was

washed with DI water by repeated centrifugation and decantation cycles until the

supernatant reached pH �6. The solution was centrifuged in a 175-mL centrifuge

tube for 5-min cycles at 3,500 rpm, then 0.5 M LiCl solution was prepared by mixing

50 mL of DI water with 1 g of LiCl. The Ti3C2Tx was dispersed into the LiCl solution

and stirred at 400 rpm for 4 h at room temperature. The Ti3C2Tx was then washed

with DI water by repeated centrifugation and decantation cycles. Again, the solution

was centrifuged in a 175-mL centrifuge tube at 3,500 rpm. For the first wash cycle,

the sediment settled after 5 min and the supernatant was decanted. For the four

remaining cycles, the sediment settled after 1 h and the supernatant was decanted.

Lastly, the Ti3C2Tx solution was centrifuged for 15 min and the supernatant was

collected.

Device fabrication

PMMAwas spin-coated on a Si/SiO2 substrate with Ti3C2Tx flakes at 5,000 rpm for 45

s. Then, the substrate was placed on a hot plate at 180�C for 120 s. A Zeiss Supra 40

field-emission scanning electron microscope and a Raith pattern generator were
1424 Matter 4, 1413–1427, April 7, 2021
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used for electron beam lithography to pattern electrodes on Ti3C2Tx flakes. After

exposure, the substrate was developed in the MIBK:IPA mixture for 60 s, then

successively rinsed with 2-propanol and DI water, and dried with nitrogen gas. An

AJA electron beam evaporation system at the base pressure of �8 3 10�9 torr

was used to evaporate 3 nm of Cr at 0.1 Å/s rate, which was monitored by a quartz

crystal microbalance. This was immediately followed by the evaporation of 15 nm of

Au at 0.2 Å/s rate. PMMA and excessive metals were removed by liftoff in hot

acetone for 10 min. Finally, the substrate was rinsed with isopropanol and water,

and dried with nitrogen gas.
Characterization of Ti3C2Tx flakes

SEM was performed using a Zeiss Supra 40 field-emission scanning electron

microscope at the accelerating voltage of 5 kV.

TEM of Ti3C2Tx flakes was performed using a FEI Tecnai Osiris scanning transmission

electron microscope equipped with a high-angle annular dark-field detector and a

X-FEG high brightness Schottky field-emission gun. The accelerating voltage was

200 kV.

XPS was performed using a Thermo Scientific K-Alpha X-ray photoelectron

spectrometer with a monochromatic Al Ka (1,486.6 eV) X-ray source.

UV-vis-NIR absorption spectra were recorded using a Jasco V-670 spectrophotometer.

XRD patterns were recorded using a Rigaku Smart Lab powder diffractometer with

Ni-filtered Cu Ka radiation operated at 40 kV and 15 mA. The 0.03� step and 0.5-s

dwelling time were used to collect the XRD patterns.

AFM of Ti3C2Tx devices was performed using a Bruker Dimension Icon atomic force

microscope operated in PeakForce Tapping mode.

The Ti3C2Tx devices were measured in a Lake Shore TTPX cryogenic probe station at

a base pressure of about 23 10�6 torr. The electrical measurements were performed

using an Agilent 4155C semiconductor parameter analyzer that was linked to a

computer through 82357B USB/GPIB interface and controlled using a National

Instruments LabView code.
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