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Fig. 3| Atomic configurations of halogen-terminated Ti,C,. a-c, Quantitative atomic-resolution SIMS depth profiles of Ti,C,Cl, (a), Ti,C,Br, (b) and Ti,C,l, (c).
d-f, Cross-sectional HAADF-STEM images of Ti;C,Cl, (d), Ti;C,Br, (e) and Ti,C,l, (f) (scale bars, 1 nm), with the corresponding enlarged views (scale bars, 0.5 nm).

White arrows indicate the c-axis direction of the MXene crystals.

Charge transport of halogen-terminated MXenes

The highly pure and ordered terminations are expected to minimize
electron trapping and scattering in MXenes, potentially leading to a
substantialimprovementintheir charge transport properties. We first
assessed the direct-current conductivities ;. of MXene pellets utilizing
the temperature-dependent van der Pauw method (Fig. 4a). Ingeneral,
macroscopic charge transportin MXene-based pellets is dominated by
thermally activated intergrain electron hopping, leading toa continu-
ously increasing conductivity as the temperature rises*”®. However,
both Ti,C,Cl,and Ti,C,Br, exhibit metallic behaviour from300 K down
to ~100 K, with conductivity decreasing as temperature increases.
Below 100 K, conductivities of both Ti,C,Cl, and Ti;C,Br, rise with

increasing temperature. Hall effect measurements on ultrathin Ti;C,Cl,
film further confirmed this phenomenon (Supplementary Fig. 30a,b),
which canbeattributed to electronlocalization effects. A similar tran-
sition from high-temperature metallic to low-temperature localized
electron transport has previously been observed in highly controlled
epitaxial thin films of related materials”. Notably, Ti,C,Cl, exhibited
the highest electrical conductivity (51,380 S m™at 300 K), compared
with Ti,C,Br, (11,126 S m™ at 300 K) and Ti,C,l, (4,149 Sm™at 300 K).
Moreover, we measured the electrical conductivity of previously
reported CIO-Ti,C, (ref. 12) and Ti,C, MXene synthesized via the con-
ventional wet-chemistry hydrofluoric acid (HF)-etching method™
(denoted HF-Ti,C,) for comparison. Impressively, the Ti,C,Cl, achieved
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Fig. 4| Charge transport properties of halogen-terminated Ti,C,.

a, Macroscopic direct current temperature-dependent electrical conductivity
of Ti,C,Cl, (51,380 £ 1,415 S m™ at 300 K), Ti,C,Br, (11,126 + 425S m™ at 300 K),
Ti,C,l, (4,149 +224 Sm™at 300 K), HF-Ti,C, (3,815 £ 167 Sm™ at 300 K) and ClO-
Ti,C, (318 £ 14 Sm™ at 300 K). Data points are the average of ten measurements.
Error bars are the combined uncertainties from standard deviation, electrical
noise and thickness measurement. b, Average terahertz conductivity values
derived from frequency-resolved static terahertz conductivity plots of Ti;C,Cl,,

Voltage (V)

TiyC,Br,, Ti;C,1,and CIO-Ti,C,. ¢, Time-resolved terahertz photoconductivity
(Aoyy,, proportional to the pump-induced relative changes in the transmitted
field, ~AE/E) normalized to the absorbed photon density (N,,) for Ti,C,Cl,,
TiyC,Br,, Ti;C,l, and ClO-Ti,C,. d, Simulated primitive cell, band structure

and density of states (DOS) of Ti,C,Cl,. e,f, Simulated electron transport and
scattering patterns from left (L) to right (R) electrodes across the Ti,C,Cl, (e) and
CIO-Ti,C, (f) lattices. E;, Fermi energy. g, Simulated current-voltage curves for
Ti,C,Cl,and CIO-Ti,C,.

approximately 160-fold and 13.5-fold increases in macroscopic electri-
cal conductivity relative to ClO-Ti;C, (318 S m™at 300 K) and HF-Ti,C,
(3,815 S m™at300 K), respectively. To better compare the macroscopic
electrical conductivity with reported literatures, we fabricated MXene
thin films from delaminated MXene flakes and measured their conduc-
tivity using the van der Pauw method (Supplementary Fig. 30c). At
300K, Ti;C,Cl,, Ti;C,Br, and Ti,C,l, films exhibited conductivities of
approximately 16,000, 3,000 and 800 S cm™, respectively. For com-
parison, ClO-Ti,C,and HF-Ti,C, showed conductivities of approximately
400and 7,300 S cm™, respectively. These values are comparable with
thosereportedintheliterature (Supplementary Table 4). Inaddition,
time-dependent electrical conductivity measurements further demon-
strated that Ti,C,Cl, exhibits superior oxidation resistance compared
with CIO-Ti,C,. After 4 weeks of air exposure, the conductivity of the

Ti,C,Cl, film decreased by only 12.5%, whereas that of CIO-Ti,C, dropped
by 86.5% (Supplementary Fig. 31). Both the temperature-dependent
behaviour andtherelatively high electrical conductivity in macroscopic
specimens highlight the excellent chemical and structural quality of
the synthesized materials.

We further explored intraflake transport in our MXenes
using ultrafast terahertz spectroscopy, leveraging the transient
nature of the terahertz electric field to probe short-range charge
transport properties at the nanoscale®?*?. We first conducted
frequency-resolved static terahertz conductivity acrossa~0.3-2.1 THz
range (Supplementary Fig. 32), with the average terahertz conductivity
values derived and compared in Fig. 4b. Ti,C,Cl, exhibits the high-
est average terahertz conductivity (5,056 S m™), surpassing that of
Ti,C,Br, (3,230 S m™) and Ti,C,l, (1,551 S m™) (Methods). Compared
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Fig. 5| MXenes with controllably orchestrated halogen terminations. a-f, SEM images, EDX mapping images and EDX spectra of Ti,C, MXenes with mixed halogen
terminations, including I:Br=1:1(a), I:CI=1:1(b), Br:Cl=1:1(c), I:Br:Cl=1:1:1(d), I:Br =1:2 (e) and I:Br = 2:1 (f). Scale bars, 10 um.

with CIO-Ti,C, (397 S m™), Ti,C,Cl, achieved a13-fold increase in tera-
hertz conductivity, highlighting a substantial enhancement in its
intrinsic intraflake conductivity. Considering the 160-fold improve-
ment in macroscopic electrical conductivity, we conclude that the
uniform Cl terminations in Ti;C,Cl, also substantially enhance intra-
grain electron hopping compared with CIO-Ti,C..

Optical pump-terahertz probe (OPTP) spectroscopy elucidated
the charge carrier dynamics and mechanisms governing the intrinsic
intraflake charge transport of MXenes. In the OPTP measurement,
additional charge carriers were photogenerated in MXenes using an
optical pump pulse (1.55 eV laser pulse with -50 fs duration) and then
probed by a single-cycle terahertz pulse. The relative attenuation of
theterahertzfield (-AE/E) is directly linked to the terahertz photocon-
ductivity (4oy,). Figure 4cillustrates the photoconductivity dynamics
of our three MXenes in comparison with CIO-Ti,C,. In each sample, a
transientincrease in photoconductivity signifies the generation of free
carriers, followed by rapid decay due to recombination or trapping
effects’. Moreover, Aoy, is correlated with the charge carrier mobility
(u) as described by equation (2), where N, e, ¢ and N, represent the
charge carrier density, elementary charge, photon-to-free-charge
conversion quantumyield and absorbed photon density, respectively.
Assuming asimilar ¢ for allMXene samples, the highest photoconduc-
tivity per absorbed photon density (4oy,,,/N,,,) observed in Ti,C,Cl,
(9.3 x107® Sm) indicates its largest charge carrier mobility, while
that of CIO-Ti,C, is 2.6 x 1078 S m. Quantitatively, Ti,C,Cl, demon-
strates a 3.6-fold enhancement in charge carrier mobility compared
with CIO-Ti,C,.

AGr, = NXeX =X Nyps X €X UL V)

DFT calculations were used to simulate the band structures of Ti,C,
MXenes, providing deeper insights into how Clterminations enhance
charge transport properties. We noticed that different halogen ter-
minations substantially alter the band structure of Ti;C, MXene, with
Ti;C,Cl, (Fig. 4d) exhibiting the highest electron density around the
Fermilevel compared with Ti,C,Br, and Ti,C,l, (Supplementary Fig. 33).
This effectis probably due to the higher electronegativity of Clatoms,
which enhances hybridization between the surface Ti and halogen
orbitals. We also simulated the band structure of CIO-Ti,C, (witha Cl/O
ratio of 0.6/1.4; Supplementary Fig. 34), which presents minimal differ-
ences compared with Ti,C,Cl,. To further assess the impact of termina-
tion purity, electron transport through Ti,C,Cl, and CIO-Ti,C, lattices
was simulated using the non-equilibrium Green’s functionmethodina
two-probe pattern. Figure 4e and Fig. 4f visualize the electron transmis-
sion pathways within the Ti,C,Cl, and CIO-Ti,C, lattices, respectively.
Clearly, Ti,C,Cl, demonstrates superior electron delocalization across
the probes, whereas ClO-Ti,C,shows notable electronlocalization near
theleft probe, leading to strong electron scattering. This interpretation
is further supported by the quantified current-voltage curves (Fig. 4g)
and electron transmittance patterns (Supplementary Fig. 35) of Ti,C,Cl,
and CIO-Ti,C,. Together, these experimental and theoretical findings
emphasize the critical role of uniform Cl terminations in enhancing
the charge transport capabilities of MXenes.

Electromagnetic wave (EMW) absorption measurements
were carried out to evaluate the practical applicability of the
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halogen-terminated samples®. As shown in Supplementary Fig. 36a,
Ti;C,Cl, exhibits strong EMW absorption in a frequency range of ~14—
18 GHz, with a minimum reflection loss (RL,,;,) of =51.4 dB and a maxi-
mum effective absorptionbandwidth (EAB,,,,) of 4.6 GHz. Meanwhile,
Ti,C,Br, exhibits strong absorption in the ~-12-17 GHz range, with an
RL,,, of -54.6 dB and an EAB,,,, of 4.6 GHz (Supplementary Fig. 36b).
In comparison, Ti;C,l, shows weaker EMW absorption, mainly in the
~16-18 GHz range, with an RL,;, of —27.5 dB and an EAB,,,, of 4.7 GHz
(Supplementary Fig. 36¢). This RL,,;, value is much higher than the
previously reported Ti,C,T, (-—20 dB) prepared by wet-chemistry
methods®"*?. By contrast, CIO-Ti,C, shows its primary absorption at
lower frequencies of ~6-9 GHz, with aRL,,,, of -61.4 dB and an EAB,,,,,
of 4.4 GHz (Supplementary Fig. 36d). These results demonstrate that
tuning the surface terminations can effectively shift the primary EMW
absorption frequency range of Ti,C, MXenes. This result suggests a
promising strategy for designing MXene-based absorbers tailored to
specific frequency bands for various practical applications.

Controllable orchestration of halogen terminations

The strong dependence of MXene charge transport properties on
termination type further motivated us to pursue controllable orches-
tration of halogen terminations on MXenes through our GLS synthe-
sis method. In particular, DFT calculations not only revealed that
mixed-halogen terminations are thermodynamically stable, but also
demonstrated that they possess amore stable structure compared with
single-halogen terminations (Supplementary Fig. 37). We noticed that
the termination type of MXenes is directly determined by the chosen
molten saltin the GLS synthesis. While mono-type potassium halide
salts were initially used to achieve single-halogen terminations, we
further employed mixed moltensalts to synthesize MXenes with dual-
and triple-halogen terminations. Specifically, we synthesized Ti,C,
MXene with mixed halogen terminations: I:Br = 1:1 (Fig. 5a), I:Cl = 1:1
(Fig.5b), Br:Cl=1:1(Fig.5c) and I:Br:Cl = 1:1:1 (Fig. 5d). In addition, tak-
ing Ti,C, with mixed I/Br terminations as a model, we demonstrated
precise control over the I/Br termination ratio with I:Br = 1:1 (Fig. 5a),
I:Br=1:2 (Fig. 5e) and I:Br = 2:1 (Fig. 5f). These examples showcase the
capability of our GLS method in controllably orchestrating halogen
terminations, whichwould further expand the MXene family and offer
avenue to precisely customize the intrinsic properties of MXenes.
Finally, Supplementary Table 5 compares the GLS method with previ-
ously reported MXene synthesis approaches, underscoringits unique
advantagesin termination chemistry, structural stability, production
scalability and electrical conductivity.

Conclusion

Insummary, we have demonstrated a triphasic GLS etching method that
isapplicableto eight different types of MAX phase, enabling the produc-
tion of their corresponding MXenes with uniform halogen terminations.
This process integrates solid-phase MAX precursors, liquid-phase
halide molten salts and gas-phasel, vapour. The resulting MXenes are
characterized by highly pure and ordered halogen terminations (Cl,
Brorl). Asarepresentative case, Ti;C,Cl, synthesized via this method
exhibited a160-fold improvementin macroscopic charge transport, a
13-fold enhancement instatic terahertz conductivity and a 3.6-fold rise
in charge carrier mobility, compared with CIO-Ti,;C,. These enhance-
ments are attributed to the uniform Cl terminations with superior
structural ordering, which effectively reduces electron trapping and
scattering.In addition, the GLS synthesis demonstrated the capability
for controllable orchestration of dual- and triple-halogen terminations
onMXenes. Beyond broadening the MXene family with finely adjustable
properties, controlled halogen terminations offer the potential for
further surface functionalization, such as selective postsubstitution
or covalent grafting on specific halogen terminations®”. We envision
that our GLS method will accelerate the development of MXenes with
customized properties for advanced (opto)electronics and beyond.

Methods

Chemicals

Ti,AIC,and Nb,AIC MAX phases were purchased from Carbon-Ukraine.
Ti,AICN, Ti,AIC, TiNbAIC, Mo,Ga,C, Ti,AIN and Nb,AIC; MAX phases
were purchased from Jilin 11 Technology. Elemental iodine (I,), 2.5M
n-butyllithium solution in hexane, N-methylformamide (NMF), ethyl
acetate (EA), HNO,, cellulose and potassium chloride (KCI) were pur-
chased from Sigma-Aldrich. Hexane, tetrahydrofuran, potassium
iodide (KI) and potassium bromide (KBr) were purchased from Alfa
Aesar. High-purity ethanol (absolute, analytical reagent grade) was
bought from Fisher Chemical. All chemicals were used directly without
any purification.

Synthesis of MXenes by the GLS method

The GLS method used MAX phase, elemental iodine and halide salts
to createa triphasic system for MXene synthesis. Taking the synthesis
of Ti,C,Cl, as an example, typically, 500 mg Ti,AIC,, 1,956 mg I, and
575 mg KClwere mixed (molar ratio of1:3:3) and placedinahome-made
glasstube (Supplementary Fig.1). The tube was connected to a Schlenk
line, purged with Ar gas three times to completely remove air and
then vacuum-sealed to 102 mbar. The tube was flame-sealed with a
butane torch (model: CHF CF211). Due to the volatility of I,, precursor
materials were kept at the bottom of the glass tube in an ice-water
bath during sealing to preventiodine vapourization. The sealed glass
tube was calcined at 600 °C in a muffle furnace at a heating rate of
3°C min~'for 54 h. After thereaction, the product was removed from
the glass tube and washed eight times with high-purity ethanol to
remove by-products such as All, and KI, as well as unreacted KCl and
I,. Each washing step involved 10 min of sonication in an ice-water
bath to assist in dissolving any remaining salts. These washing steps
were conducted in an Ar-filled glovebox to prevent MXene oxidation.
Finally, the product was vacuum-dried at room temperature for 24 h
to obtain Ti;C,Cl,.

The synthesis of Ti;CNCIl,, Ti,CCl,, Ti,NCI,, TiNbCClI,, Nb,CCl,,
Nb,C;Cl, and Mo,CCl, was conducted using the same methodology.
The synthesis process of Ti,C,Br, and Ti,C,l, follows a similar proce-
dure, differing only in the choice of molten salt: the Ti;AlC,~1,-KBr
combination for Ti,C,Br, and the Ti;AlC,~1,-KI combination for Ti,C,l,.
For MXenes with dual- and triple-halogen terminations, precursor
ratios were adjusted as follows: Ti;AlC,-1,-KI-KBr (1:3:2.5:0.5) for
I:Br = 1:1, Ti,AIC,-1,-KI-KCl (1:3:2.9:0.1) for I:Cl = 1:1, Ti,AIC,~1,-KBr-
KCI (1:3:2.5:0.5) for Br:Cl = 1:1, Ti;AIC,~I,-KI-KBr-KClI (1:3:2.8:0.1:0.1)
for I:Br:Cl =1:1:1, Ti;AlC,-1,-KI-KBr (1:3:1.5:1.5) for I:Br =1:2 and
Ti;AIC,-1,-KI-KBr (1:3:2.9:0.1) for I:Br = 2:1. Ti,C,l,-GS was synthesized
following the same method as Ti,C,l, but without the inclusion of any
halide salts. The synthesis of CIO-Ti,C, was conducted according to a
previously reported procedure®.

The delamination process of MXenes was carried out using an
intercalation method®. Initially, 50 mg of MXenes and 1 ml of 2.5 M
n-butyllithium solution were mixed in an Ar-filled glovebox and stirred
atroomtemperature for 24 h. Following this, the material underwent
washing steps with high-purity hexane and tetrahydrofuran. The
washed sample was then transferred to a centrifuge tube containing
10 ml of anhydrous NMF and sonicated in an ice-water bath (<5 °C)
for 40 min. The solution was centrifuged at 360g for 20 min, and the
supernatant was collected. The resulting supernatant was further
centrifuged at 13,000g for 15 min to isolate MXene nanoflakes, which
were then dispersed in anhydrous NMP for subsequent use.

Characterizations

XPS was analysed by an Axis Supra spectrometer (Kratos Analytical).
PXRD was performed by the AERIS XRD system (PANalytical) using
Cu K,. SEM images were collected using Zeiss Gemini S4 500. AFM
images were collected using Park NX10 AFM. TEM investigations were
conducted using a Talos F200X transmission microscope at200 kV. The
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measurements were carried outina STEM mode using the high-angle
annular dark-field detector. EDX was used for chemical composition
analysis. SIMS was performed via CAMECA IMS SC Ultra instrument
with a Cs* primary-ion beam?. The primary ion beam featured an
ultralow impact energy of 100 eV, a moderate current of 6 nAand a
standard spot diameter of 30 um. Measurements were conducted
using anegative detector polarity. Initially, a parallel beam of primary
Cs*ionswas applied to gently remove surface impurities and promote
the formation of aflat, clean crystal surface. Subsequently, low-energy
Cs'ions were directed towards the sample at a high incident angle to
ensure selectiveinteraction with only the topmost atomic layer. During
thisbombardment, atoms from the sample surface were sputtered off
and detected as secondary ions.

Synchrotron XAS measurements were conducted at the P65 beam-
line of the PETRA Il synchrotron (DESY, Hamburg, Germany). The XAS
spectra were acquired in transmission mode at room temperature
with photon energies centred around the Ti K edge (4,966 eV). The
incident, transmitted and reference X-ray intensities were recorded
using gas ionization chambers. A titanium foil standard was simul-
taneously measured with the samples and used for energy calibra-
tion. Before measurements, all powder samples were pressed into
8-mm pellets, homogeneously mixed with an appropriate amount
of cellulose, and sealed between Kapton tapes inside an Ar-filled
glovebox. The collected XANES and EXAFS data were subsequently
processed and corrected using the Athena software (version 0.9.26)*.
The wavelet transform analysis of the EXAFS spectra was carried out
using the HAMA Fortran software. The EXAFS oscillation function,
Xx(k) (k-weights: 2), was extracted as a function of the photoelectron
wave number k, within the selected radial range of 0-6 A (R,,;,= 0,
R...x=6). The Morlet function was chosen as the mother wavelet,
with parameters set to kappaMorlet =10 and sigmaMorlet = 1. SXRD
measurements were performed at the BLO4 beamline of the ALBA syn-
chrotron facility using an incident energy of 35 keV (1 = 0.4142 A) and
ahigh-angular-resolution multicrystal analyser detector set-up. The
MXene powders were loaded into 0.3-mm-diameter glass capillaries
(Hilgenberg GmbH) and mounted on the dedicated sample stage pro-
vided by the beamline. The collected SXRD data were analysed using
the GSAS-II software, and Rietveld refinement was used to determine
the lattice parameters?.

Conductivity measurements

The macroscopic direct current temperature-dependent electrical
conductivity of the MXene pellets was measured using the van der
Pauw method in acommercial Physical Property Measurement System
cryostatequipped with the electrical transport option and automatic
contact switching (Quantum Design). Ohmic contacts were established
using gold-plated spring-loaded probes on the clean surfaces of the
MXene pellets. MXene pellets were made by using compressed powders
with a diameter of 5 mm and a thickness of less than approximately
1mm. The sheet resistance (R,) of the pellet in the temperature range
of ~5-300 Kwas determined to calculate the bulk electrical resistivity
(p) and electrical conductivity (o,.). MXene ultrathin films used for the
conductivity measurement were prepared as follows. First, exfoliated
MXenes were dispersed in NMF to form astable suspension (<1 mg ml™).
Avolume of 1.5 ml of this suspension was then added to 40 ml of deion-
ized water in a 60-ml wide-mouth beaker, followed by the addition
of 1 ml of 1 M HNO, to stabilize the surface potential. After thorough
mixing, 2 ml of EA was introduced, and the beaker was covered to
approximately 90% of its opening, allowing the EA to evaporate slowly.
Oncethe EA had completely evaporated, the MXene nanosheets spon-
taneously self-assembled into a continuous single-layer ultrathin film
at the water-air interface. These films were subsequently transferred
onto gold prepatterned four-probe SiO,/Si substrates and dried under
vacuum. To minimize cracks or discontinuities, two layers of film were
transferred for each sample.

Terahertz spectroscopy

Terahertz spectroscopy was conducted using a commercial regen-
erative amplified mode-locked Ti:sapphire femtosecond laser sys-
tem (Spectra Physics Spitfire Ace, seeded by Mai Tai and pumped by
Empower). Thelaser produced -50-fs pulses centred at 800 nmwitha
repetition rate of 1 kHz. Terahertz radiation was generated via optical
rectificationinanonlinear zinc telluride (ZnTe) crystal oriented along
the (110) direction. The transmitted THz electric field was detected
using asecond ZnTe crystal through the electro-optic sampling tech-
nique, probed by an 800-nm gating pulse. This configuration allowed
frequency-resolved measurements in the range of 0.2-2.5 THz.

To determine the terahertz conductivity of MXene thin films with-
out photoexcitation, the transmitted terahertz pulse through the
sample (E,,pe) Was compared with that through areference substrate
(Ereference)- When the film thickness (d) is much smaller than the terahertz
wavelength (d/A <<1), the thin-film approximation can be applied, as
illustratedinequation (3). Here, T (= :“ﬂ)denotes the transmission

reference

ratio between the sample and reference signals, 4oy, represents the
complex terahertz conductivity, Z, =377 Q is the impedance of free
space and ng,, =1.95 corresponds to the refractive index of the
fused-silicasubstrate in the terahertz range.

1+n 1
0

For OPTP measurements, the terahertz absorption induced by
photoexcited charge carriers (excitation wavelength 800 nm) was
monitored by fixing the sampling beam at the peak of the terahertz
electric field. Time-dependent, pump-induced terahertz absorption
was recorded by varying the temporal delay between the pump and
terahertz probe pulses. To eliminate interference from water vapour
absorption, the entire terahertz set-up was continuously purged
with dry nitrogen. During measurements, the samples were either
maintained under a dry nitrogen atmosphere or kept under vacuum
(<2 x107* mbar). The time-resolved photoconductive response (40y,,,)
of charge carriers was determined from the time-dependent changein
the transmitted terahertz field (AE) using the thin-film approximation,
asexpressed by equation (4), where £,,,,,and E, correspond to the peak
amplitudes of the transmitted terahertz field with and without optical
excitation, respectively.

—Ngyp +1 Epump -k

4
Zol Eo @

Aory, =

EMW absorption measurement

Similar to previously reported methods®, all samples were mixed with
paraffin and fabricated into concentric rings with an inner diameter
of 3.04 mm and an outer diameter of 7 mm for testing. The measure-
ments were carried out using a standard coaxial-line method, using
a vector network analyser (N5222B) to record the electromagnetic
parameters, including the complex permittivity (e, =& - j¢’) and per-
meability (i, =@’ - ju').

First-principles calculations

Spin-polarized DFT calculations were carried out using Vienna Ab initio
Simulation Package (VASP)****, based on the plane-wave projector
augmented-wave method. The exchange-correlation functional was
used in the generalized gradient approximation of Perdew-Burke-
Ernzerhof®. Van der Waals interactions were taken into account by
using the Grimme (DFT-D3) method*®. An energy cut-off of 500 eV was
set for all the simulations. The Brillouin zone of the systems was sam-
pledusing5 x 5 x 1Monkhorst-Pack k-points”. The VASPKIT code was
used for postprocessing of the VASP calculated data®®. The electron
transport was calculated within the non-equilibrium Green’s function
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technique asimplemented in the Atomistix ToolKit package (Quantu-
mWise A/S. Atomistix ToolKit, Version 2016.4). We used the Perdew-
Burke-Ernzerhof functional with single-zeta plus polarization
numerical basis sets for all the transport simulations. The kinetic
energy cut-off of 75 Ryd was set for the self-consistent calculations. A
fast Fourier transform solver was used to address the system’s Pois-
son-Schrodinger equationin aself-consistent manner. The transport
models were treated as two-probe systems with the central scattering
region sandwiched between the semi-infinite source (left) and drain
(right) electrodes from the same. The current through the scattering
regionis calculated within the Landauer formula (equation (5)), where
T (¢, V)represents the energy- and voltage-resolved transmission func-
tion, fis the Fermi-Dirac distribution function and p, p = Er £ eV/2
stands for the chemical potentials of the left and right electrodes. The
transport calculations were performed at T=300K.

+oo0

1w = % T V) [fem) —fle.np)]de ©)

Data availability

Thedatathat support the findings of this study are available within the
Article andits Supplementary Information. Source data are provided
with this paper.
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