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ABSTRACT

The discovery of two-dimensional (2D) Janus materials has ignited significant research interest, particularly
for their distinct properties diverging from their classical 2D transition metal dichalcogenide (TMD)
counterparts. While semiconducting 2D Janus TMDs have been demonstrated, examples of metallic Janus
layers are still rather limited. Here, we address this gap by experimentally synthesizing and characterizing
metallic Janus layers, focusing on SNbSe and SeNbS, derived from monolayer NbS, and NbSe, using a
plasma-assisted technique. Our results show that Nb-based 2D Janus layers form after 1H-to-1T phase
transition, marking a phase transition-induced formation of Janus layers. Our comprehensive spectroscopy
and microscopy studies, including Z-contrast high angle annular dark field scanning transmission electron
microscopy, reveal the phononic and structural properties during Janus SeNbS formation and establish their
energetic stability. Density functional theory (DFT) simulations provide insights into the phononic and
electronic properties of these materials, shedding light on their potential for diverse applications. Overall,
our results demonstrate the realization of niobium-based Janus metals and expand the library of metallic
Janus layers.

INTRODUCTION

In the realm of two-dimensional (2D) materials, the emergence of Janus materials has sparked
considerable excitement owing to their unique properties that are inherently different from their classical
2D counterparts. 2D Janus materials, characterized by their asymmetry across opposing faces and

concurrent colossal polarization fields, offer a diverse array of functionalities with promising applications
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in electronics, photonics, and beyond. For example, theoretical studies to date have shown that the mirror
symmetry breaking in these materials enables a wealth of exciting properties including but not limited to
long-lived excitons,! spin-orbit coupling (SOC) induced Rashba splitting,>* large built-in electric fields, ¢

and topological phases such as skyrmions.”1°

However, the scope of Janus materials has largely been confined to semiconducting transition metal
dichalcogenides (TMDs) such as SMoSe and SWSe,! > 6 118 Jeaving a significant gap in our understanding
of their metallic counterparts. Here, the significance of realizing metallic Janus materials extends beyond
the mere expansion of the materials catalog. These materials can facilitate the integration of semiconducting
Janus layers into more complex device structures and polarization-engineered 2D superlattices by
interfacing them with their metallic counterparts. Furthermore, heterostructures formed by interfacing
metallic Janus layers with other classical 2D materials can sustain exotic properties induced by the changes
in their sheet carrier density and symmetry breaking.!®-2° Realizing metallic Janus layers can also pave the
way for novel applications in areas such as energy storage,?'-?> hydrogen evolution reaction,?® photocatalysis
and optoelectronics,?* and notably, the exploration of ferroelectric phenomena and polarization-driven

functionalities as originally predicted by Anderson and Blaunt.?>-3°

While the existence of metallic Janus layers®* has been postulated using first-principles calculations,
thus far experimental realization has remained elusive. Among the proposed metallic candidates, SMoH
metallic layers stand out, yet their validation through experimental studies remains in its nascent stages.’>
37 Several other theoretically predicted candidates have emerged from the metallic TMD family, including
Nb-based NbSSe,??38 Ta-based TaSSe,* and Ti-based 1T-TiSSe.*>4! In the case of Janus NbSSe, there are
only a few studies on that material system mostly limited to theoretical prediction such as on nanoscroll
formation, battery application,*? or just electronic band structure calculations.?>3# Notably, our theoretical
calculations (SI Table S1 and S2) suggest that trigonal prismatic (1H) Nb-based TMDs exhibit the potential
to undergo a structural phase transition to octahedral (1T) coordination, driven by Janus formation. These
challenges and opportunities underscore the need for robust experimental investigations to demonstrate and

elucidate the properties of metallic Janus layers.

In this study, we demonstrate and establish the structural, phononic, and electronic properties of metallic
2D Janus SNbSe and SeNbS (bottom-middle-top atomic layer) using a plasma-assisted technique.'!: > The
results show that SNbSe and SeNbS can be stabilized starting from monolayer NbS, and NbSe,,
respectively. During the transformation from classical to Janus TMD, the host materials undergo a 1H-to-
1T phase transformation, representing the first of its kind in Janus layer synthesis that results in 1T-SNbSe
and 1T-SeNbS. Comprehensive spectroscopy and microscopy studies successfully capture the phase
transition during the 1H-to-1T Janus SNbSe formation and establish the structural properties through Z-
contrast high-angle annular dark field (HAADF) scanning transmission electron microscopy (STEM).
Density functional theory (DFT) simulations elucidate the 1H-to-1T phase transition and offer insights into
phononic properties while establishing their electronic properties together with four-probe transport

measurements.
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RESULTS
Synthesis of parent classical TMDs

Monolayer 1H-NbS, (Figure 1a) were grown on single-side-polished c-cut sapphire substrates using a
well-established ambient pressure chemical vapor deposition (APCVD) method (Figure 1b).** This APCVD

growth method typically yields monolayer and few-layer NbS, domains with lateral dimensions ranging
from 1 to 10 pm, distributed across 1 x 1.5 cm? sapphire substrates. The domains grown are typically

triangular and hexagonal, but slight distortion in the flake shape could occur due to lattice mismatch
between the sapphire substrate and NbS, crystal.** In contrast, due to the inherent defects and poor
crystalline quality of CVD-grown NbSe,, high-quality monolayer NbSe, sheets were directly exfoliated
from bulk chemical vapor transport (CVT) NbSe, crystals*> using a viscoelastic exfoliation technique*t
(Figure 1c). Optical microscope images of the monolayers (Figure 1b-c) reveal the size and morphology,
while semi-contact atomic force microscopy (AFM) (NT-MDT) was used to quantify the thickness of the
monolayer, confirming values of ~0.9 nm for NbS, and ~1.5 nm for NbSe, (Figure 1d-e). The slight
deviation from the theoretical value of monolayer NbSe, (~1.1 nm)* is likely attributed to an interfacial
gap between the film and substrate during the substrate during the exfoliation and stamping process. This
gap can be flattened by contact mode AFM scan or annealing at 200 °C under ultra-high vacuum.

Raman spectroscopy was used to further verify the growth and thickness of NbS, and NbSe, by
examining the out-of-plane A,” and in-plane E’ vibrational modes, which represent the most prominent
peaks for these crystal systems, as shown in Figure 1f-g. As reported in previous studies, the Raman spectra
of both NbS, and NbSe, exhibit a strong dependence on the layer thickness.**¥30The vibrational modes of
NbS,, particularly A,” mode, display a pronounced dependence on thickness due to interlayer interactions
and dielectric screening of the long-range Coulomb interactions.> This is demonstrated by the blue shift of
A,” from ~377 cm! in monolayer NbS, to ~383 cm! in the few-layer form.*%->° For NbSe,, the characteristic
out-of-plane A,, and in-plane E,, modes exhibit similar thickness-dependent shifts, with the A, mode red-
shifting from ~230 cm™ in the 4-layer structure to ~227 cm™ in the monolayer, while E,, mode blue-shifts
from ~240 cm™! to ~243 cm! with decreasing thickness.* The sharp peaks at ~418 cm! arise from the c-cut
sapphire substrate used for NbS, APCVD growth. Additionally, a broad peak at around 180 cm™ in the
monolayer NbSe, spectra is attributed to a soft phonon mode, likely attributed to the charge density wave
(CDW) phase.>!
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Figure 1. (a) Top-down and cross-sectional atomic structure of monolayer 1H-NbS,, 1H-NbSe,, and 1T-SNbSe. (b)-
(c) optical microscope images of APCVD grown monolayer and few-layer NbS, and exfoliated NbSe,, respectively.
(d)-(e) AFM topography scans of monolayer NbS, and NbSe, corresponding to the domains shown in (b) and (c). (f)-
(g) Layer-dependent Raman spectra for few-layer to monolayer APCVD grown NbS, and exfoliated CVT grown
NbSe,, respectively. (h) Schematic of the room temperature SEAR Janus conversion setup, depicting an inductively
coupled hydrogen plasma (pink illumination), and both the TMD sample and the chalcogen source placed upstream

of the copper coil.

SEAR sulfurization and selenization processes

Monolayer NbS, and NbSe, were converted into their Janus counterparts, SNbSe and SeNbS (Figure
la), using room temperature selective epitaxial atomic replacement (SEAR) plasma process (Figure 1h).>
11.12.52.53 SEAR selenization and sulfurization processes were conducted within a one-inch diameter quartz
tube reactor, as illustrated in Figure 1h, where monolayer NbS, (NbSe,) on substrate were positioned
downstream from the solid chalcogen source. The SEAR Janus conversion process for Nb-based TMDs is
similar to that used for SWSe and SMoSe material systems'" 2, employing RF power at 13.56 MHz
frequency to generate hydrogen inductively coupled plasma (ICP), facilitating the atomic replacement
reaction.

The process begins with the creation of chalcogen vacancies in the topmost atomic layer of the TMD

via etching by H* ions and H radicals produced by H, ICP. The H radicals initially adsorb onto the top

chalcogen atoms, forming a weakly-bonded intermediate species. Subsequently, the energized H* ions
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break the bond between the transition metal and the intermediate chalcogen species to create a chalcogen
vacancy. Simultaneously, the chalcogen source (S or Se) positioned upstream is dissociated by H, plasma
to form H,S or H,Se vapor, which is carried downstream to the vacancy sites by gas flow. The vacancies
are subsequently filled by a new chalcogen species as the H,S (H,Se) vapor is dissociated again by H,
plasma into elemental S/Se and H radicals, completing the chalcogen substitution. This plasma-driven
process enables controlled chalcogen replacement without requirements for thermal assistance, creating a
Janus structure from the parent TMD structure.!!- > 52 More detailed descriptions of the SEAR method and

process parameters used in this work are provided in the Supplementary Information file.
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Figure 2. Raman spectra for (a) Technically CVD-grown monolayer NbS, and SEAR selenized SNbSe, displaying the
characteristic vibrational modes of E”, E’, A;’, and A,” for NbS, and E (fitted in green) and A, (fitted in blue) modes
for SNbSe. Above the Raman spectra align the corresponding DFT-calculated phonon dispersion for both materials
in their respective colors. (b) Exfoliated monolayer NbSe, and SEAR sulfurized SeNbS, displaying A;” and E’ for
NbSe,, and E and A, for SeNbS. The corresponding phonon dispersion is also aligned above the Raman spectra. The
quality of the CVD-grown monolayer is inferior to that of the CVT-grown and exfoliated NbSe,, which affects the
sharpness and FWHM of the Raman peaks. (c) Stability study of SEAR selenized SNbSe when stored in ambient

conditions (red) and an inert N,-filled glovebox (green).

Notably, both 1H-NbS, and 1H-NbSe, parent TMDs undergo a 1H-to-1T structural transformation after
the SEAR conversion to Janus SNbSe and SeNbS, respectively. The driving mechanism of the 1H-to-1T
transition is believed to originate from the non-equilibrium thermodynamic H, plasma process during the
SEAR conversion, which provides sufficient kinetic energy to initiate an in-plane displacement/slide in the
top-chalcogen layer as the S vacancies are replaced by Se atoms, resulting in the formation of an
energetically favorable 1T phase. Moreover, the presence of S vacancies (atomic sites not filled by Se atoms

during the conversion process) further stabilizes the 1T phase. Similar 1H-to-1T phase transitions were
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previously observed for monolayer MoS, and MoTe,, induced by low-energy Ar and H, plasma treatment,
respectively, while preserving the top chalcogen layer without etching.>* > Conversely, in the SEAR Janus
process, H, plasma with a high enough energy to break the S-Nb bond is applied to disrupt the top chalcogen
layer and the newly attached Se atom experiences the in-plane shift when settling in the vacancy sites and
bonding to Nb. This phase transition is captured using ex-situ Raman spectroscopy, which provides insight
into the distinct vibrational modes, as shown in Figure 2, with more direct measurements discussed later

(see Figure 4).

Post-conversion, the Raman spectra of both Janus SNbSe and SeNbS exhibit notable shifts, with both
structures displaying a prominent out-of-plane A, peak at ~254 cm™! and an in-plane E peak at ~224 cm!
(Figure 2a-b). These experimental results align relatively well with the Raman-active vibrational modes and
the peak positions predicted by density functional theory (DFT) simulations for the 1T-phase Janus
structures (see SI Figure S1). In the case of 1H-NbS, to 1T-SNbSe transformation, the transition is marked
by the disappearance of the NbS, A, peak at ~377 cm™ and the emergence of A, and E Janus SNbSe peaks
at ~254 cm! and ~224 cm’!, respectively. Conversely, the 1H NbSe, to 1T SeNbS transition is observed
through the red-shifting of the NbSe, E’ mode from ~242 cm! to the SeNbS E mode ~224 cm!, and the
blue-shifting of the NbSe, A;” mode from ~227 cm! to the SeNbS A mode at ~251 cm'. The disappearance
of the unique parent NbS, and NbSe, A and E Raman modes serves as an indication that both materials
were fully converted into their Janus counterparts. It is worth noting that, although the peak positions agree
well with calculated phonon dispersions, the relative intensities between A; and E peaks for SNbSe and
SeNbS are opposite from each other, i.e., the A; mode is stronger than E mode in SNbSe, while the E mode
is stronger than A; mode in SeNbS. We observe the same relative intensities between the in-plane and out-
of-plane modes in their respective parent TMD Raman spectra, indicating that the relationship is preserved

after Janus conversion, and the change in the polarizability is different in Janus structure compared to TMD.

Additionally, changes in the full width at half maximum (FWHM) of SNbSe and SeNbS peaks were
also observed following each conversion. Specifically, the FWHM of CVD-grown monolayer NbS, A/,
peak (~13 cm™) exhibited a substantial broadening after converted to SNbSe (A;~27 cm™!), compared to the
FWHM of monolayer exfoliated from CVT NbSe, (A,;’~7 cm’!, E’~13 cm™) and its subsequent Janus
derivative SeNbS (A;~15 cm!, E~4 cm™). These differences are likely attributed to lower crystallinity and
increased defect density in the monolayers grown by CVD, compared to monolayers exfoliated from high-
quality CVT bulk crystals. Furthermore, the Raman signal from monolayer SNbSe gradually decreases by
laser exposure while collecting spectra (SI Figure S2). The areas from which the Raman signal was
measured revealed increased surface roughening and, as mentioned above, decreased Raman intensity (see
AFM scan and Raman maps SI Figure S3). Moreover, spot-like discolorations were observed using an
optical microscope (SI Figure S4). Such behaviors were previously reported for ultrathin NbSe,, attributing
to laser-induced oxidation.>® Our findings suggest that this effect is exacerbated following the plasma SEAR
conversion of parent NbS, and NbSe, TMDs into their Janus forms. The laser-induced deterioration

highlights the increased vulnerability of Janus SNbSe and SeNbS structures.
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The environmental stability of a freshly converted SNbSe was assessed by comparing the storage
condition, namely, in an ambient condition or N,-filled glovebox, and monitoring its Raman intensity over
an extended period. Exposure to an ambient condition for 24 hours resulted in the complete disappearance
of all characteristic Raman modes of monolayer SNbSe, as shown in the bottom part (red) of Figure 2c.
This degradation is likely attributed to the oxidation of SNbSe, consistent with the previously reported
oxidation behavior of ultra-thin NbS,.** Additionally, the optical microscopy images (SI Figure S5)
captured the reduced flake visibility, further aligning with prior observations in NbS,.* In contrast, when
stored inside a controlled N,-filled glovebox (O, < 0.01 ppm, and H,0 < 0.01 ppm), the monolayer SNbSe
remained stable and visible for more than 20 days, as evident by the unchanged Raman modes shown in
the top part (green) of Figure 2¢c. Each time, all the Raman spectra were collected from several different
monolayers and the signal was averaged. Therefore, the absence of oxygen and/or humidity effectively
mitigated oxidation of the surface Se layer over a long period, reinforcing the hypothesis of oxidation-

driven degradation in SNbSe under ambient conditions.
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Figure 3. XPS analysis for Janus SNbSe converted from CVD-grown NbS, using room-temperature SEAR plasma
selenization. The collected spectra are deconvoluted to show the orbital contributions for (a) Nb 3d;, and Nb 3ds,, (b)
Se 3pin, S 2psn, S 2pin, and Se 3psp, (¢) Se 3d;, and Se 3dsy,, and (d) Se 3s and S 2s. The presence of both S and Se

signals indicates the bonding of Nb-S and Nb-Se in the Janus structure.

Elemental analysis and understanding of Janus SNbSe
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Compositional analysis of pristine 1T-SNbSe, synthesized through selenization of APCVD-grown NbS,,
was conducted using X-ray photoelectron spectroscopy (XPS) (Kratos Axis Supra+). The survey scan (SI
Figure S6) confirmed the presence of Nb, Se, and S in the Janus structure. The XPS spectrum for Nb 3d
(Figure 3a) was well-resolved, revealing the characteristic peaks for Nb 3d;, (at 209.7 eV and 206.4 eV),
as well as Nb 3ds;, (at 207.1 eV and 203.8 eV), which represents the niobium backbone of the Janus
structure. Moreover, Figure 3b shows the deconvoluted XPS peaks corresponding to Se 3p;, (159.8 eV), S
2pspn (160.5 eV), S 2p,» (161.8 eV), and Se 3p,, (166.2 eV), providing further confirmation of the distinct
sulfur and selenium contributions. The Se? 3d, (53.2 eV and 55.4 eV) and Se* 3ds, (54.3 €V), shown in
Figure 3c, are indicative of Nb-Se bonding formed during SEAR selenization of NbS,. Additionally, Figure
3d shows the deconvoluted peaks for S 2s and Se 3s orbitals at 228.5 eV and 230.2 eV, respectively. Overall,
the spectral deconvolution revealed the distinct chemical contribution from both sulfur and selenium,
underscoring the Janus structure containing both types of chalcogen atoms. The stoichiometry ratio was
calculated to be S:Nb:Se = 1.09:1.16:1 by using the integrated peak areas of S 2p, Nb 3d, and Se 3p orbitals
corrected to their respective relative sensitivity factor (RSF). Details of stoichiometry calculations are

provided in the Supplementary Information file.

To understand the mechanism of the degradation process of SNbSe monolayer, observed in Raman
Figure 2c¢ and by visual changes in Figure S5, XPS measurements were also performed on a four-day-old
sample that had been exposed to the ambient environment. The collected XPS spectra showed oxidation
signatures, evident in both Nb 3d and Se 3d spectra (SI Figure S7). That oxidation is presumed to occur
predominantly in the topmost Se atomic layer introduced during the SEAR selenization process. This is
corroborated by the emergence of a prominent Se-O bonding peak at 59 eV representing SeO,. Furthermore,
the disappearance of the Nb 3ds, (203.8 eV) peak and the redshift of remaining Nb peaks can be related to
the formation of Nb-O bonding such as in the case of the Nb,Os or NbO, amorphous layer. These findings

further support the oxidation behavior of Janus SNbSe under ambient conditions.
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Figure 4. Z-contrast HAADF STEM images of (a) 1H-NbS,, (b) 1H-NbSe,, and (c) 1T-SeNbS overlaid with color-
coded spheres indicating the different atoms. Under each image is the Z intensity of the boxed region for each
respective material system. The lattice constant of each material system was determined by measuring the distance
between the two nearest neighboring Nb (blue) atoms in each image. The measured lattice constants for IH-NbS,, 1H-
NbSe,, and 1T-SeNbS are 3.46 + 0.14 A, 3.73 £ 0.16 A, 3.48 + 0.07 A, respectively, and are in good agreement with
theoretically obtained values of 3.34 A, 3.47 A, 3.43 A.

Direct evidence of 1H-to-1T phase transition

To observe and confirm the 1H to 1T phase transition during the Janus conversion, Z-contrast HAADF
STEM was used to capture the changes in the positions of the newly replaced S atoms from NbSe, to SeNbS.
Figure 4a-c shows the Z-contrast HAADF STEM images for 1H-NbS,, 1H-NbSe,, and 1T-Janus SeNbS
(converted from 1H-NbSe,), respectively. Each image is superimposed with a “billiard ball” atomic model
to highlight the Nb atoms and corresponding chalcogen positions. A direct comparison between Figure 4b
and 4c reveals the transformation from the hollow-centered trigonal prismatic 1H-NbSe, structure to the
filled-centered octahedral 1T-SeNbS Janus structure, providing evidence of the newly incorporated S
atoms. The change from hollow-centered to filled-center is an indication of in-plane atomic displacement
associated with the 1H-to-1T transition as illustrated in Figure la. The intensity histogram under each
STEM image displays the relative intensities corresponding to Nb, Se-Se stacking, S-S stacking, Se, and S.
In the 1H-NbSe, phase, the atomic mass of the stacked Se atoms exceeds that of a single Nb atom, resulting
in a brighter contrast due to increased electron scattering. In contrast, for 1H-NbS,, the atomic mass of Nb
surpasses that of two sulfur atoms, leading to an inverse contrast. In the case of the 1T-SeNbS phase, in-
plane displacement atomic displacement during the phase transition resulted in all three atomic layers being

visible along the z-axis with no tilt. The intensity histogram clearly distinguishes each element by its
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characteristic electron scattering, reflecting the differential atomic mass and providing further confirmation

of the phase transition.
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Figure 5. Orbital projected electronic band structure for (a) 1H-NbS,, (b) 1H-NbSe,, and (c) 1T-NbSSe calculated
using DFT. DOS with orbital contribution breakdown is plotted to the right of each plot with the same color

coordination.

Theoretical and experimental insights on the electronic properties of metallic Janus SNbSe

DFT calculations were performed using a 2x2x1 supercell with '-centered Brillouin zone to calculate

both the electronic band structures and phonon dispersions. Figure 5a-c illustrates the GGA+SOC band
structures for 1H-NbS,, 1H-NbSe,, and 1T-SNbSe monolayers, respectively. Notably, the electronic band
structure of 1T-SeNbS mirrors that of 1T-SNbSe, owing to the preservation of crystal symmetry,
irrespective of chalcogen orientation. Consequently, both SNbSe and SeNbS monolayers share the same
space group: P3m1 (156) and point group: C 3v symmetry. Furthermore, the total energy is identical with
an accuracy of 107® eV/atom for these two structures. Therefore, their electronic and vibrational properties

will be identical.

Both the parent and the Janus monolayers exhibit metallic behavior, as evidenced by the crossing of the
Nb d-bands at the Fermi level (Eg). However, the characteristic band structures of NbSe, and NbS, markedly
differ from that of SNbSe. This discrepancy arises from the distinct crystal field environments experienced
by the Nb atoms, namely the trigonal prismatic environment in the 1H phase and the octahedral environment
in the 1T phase. In the 1H structure, the trigonal prismatic environment induces a splitting of the d orbitals,
resulting in a lower-lying d singlet followed by a doubly degenerate (d,, + d>-,”) and a higher-energy
doublet (d,, + d,,). Given the covalent nature of these compounds, a significant admixture of different o
orbitals is observed. In both NbSe, and NbS,, the band crossing the Er (Figure 5a-b) is primarily occupied
by d; orbitals, with a partial mixing of (d,, + d,’-,”) orbitals. Conversely, due to the octahedral environment
of Nb atoms in the 1T structure, the d orbitals split into low-energy t,, bands (d,,, d,.. d,,) and high-energy

e, bands (d7-,°, d;). Consequently, the bands crossing Er (Figure 5c) reflect orbital occupancy consistent
with the crystal field environment of 1H (for NbS, and NbSe,) or 1T (for SNbSe) phases. The unique orbital

10
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characteristics in the NbS, and NbSe, electronic band structures, as predicted using DFT, have been
experimentally verified using angle-resolve photoemission spectroscopy (ARPES),’” 5 which employs
linearly polarized light to differentiate between in-plane and out-of-plane orbitals components. This
approach can also be applied to 1T-SNbSe to enhance our understanding of the orbital contributions to the

Janus band structure.
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Figure 6. (a) Optical microscope image of the metal contact fabricated using photolithography for four-probe
resistance measurement. The red box highlights the position of the SNbSe flake. (b) AFM scan of the metal probes
deposited on top of the SNbSe flake, was performed from the region within the red box in (a). (¢) I-V measurement
of NbS, and SNbSe Janus monolayer. (d) SNbSe sheet resistance as a function of temperature from 300 K to 20 K.

To support findings based on the electronic band structure calculations about the metallic behavior of
NbS, and SNbSe, additional I-V measurements were performed. The main goal of this experiment was to
obtain the resistivity of the same monolayer before (for NbS,) and after SEAR conversion (for SNbSe). For
that purpose, the four-probe method was used with metal contacts composed of Ti/Au patterned onto a
CVD-grown NbS, monolayer via photolithography, as depicted in Figure 6a. An initial four-probe
measurement was performed on the pristine NbS, as a reference, followed by SEAR conversion to Janus
SNbSe, after which a second I-V measurement was conducted. The sheet resistance and sample thickness
were determined respectively through I-V sweeps using a semiconductor device parameter analyzer
(Keysight BI5S00A) and AFM (Figure 6b). Subsequently, the resistivity was calculated by the product of
sheet resistance and thickness. The results of the four-probe electrical measurement revealed a linear I-V
characteristic for both NbS, and SNbSe, with current sweeping from 0 to 100 uA (Figure 6¢). The obtained
resistivity for NbS, (1.3 x 10 Qm) is comparable to values obtained in other studies (1.25-2.5 x 10-¢
Qm),> where the metallic character of NbS, was confirmed based on temperature-dependent resistivity
measurements.” ° This conclusion aligns well with the findings of the electronic band structure
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calculations revealing metallic behavior through a high density of states at the Fermi level and closed band
gap (the crossing of the Nb d-bands at the Fermi level). Similar observations were made in the case of the
electronic band structure obtained for the SNbSe monolayer, proving metallic behavior for that sample.
However, the resistivity of the SNbSe (3.9 x 10-° Qm) increased after conversion from the same monolayer.
The higher value of the resistivity for SNbSe can stem from the increased/introduced defects to the parent
crystal during the conversion process. Moreover, the sheet resistance of SNbSe was measured as a function
of temperature to further confirm the metallic behavior, shown in Figure 6d. It can be seen that the value of
the sheet resistance decreases with temperature in the range from 300 to 50 K as expected for metallic
electronic transport, followed by an increase of the sheet resistance starting from 50 K. This observed
behavior in trend reversal can be related to weak localization and/or onset of Anderson localization, where
both possibly originate from defects or impurities in the studied material.

CONCLUSION

Metallic 1T-SNbSe and 1T-SeNbS Janus structures were successfully synthesized from their parent 1H-
phase metallic NbS, and NbSe, TMDs, through a controlled selenization and sulfurization process via
selective epitaxial atomic replacement (SEAR). The results have demonstrated a structural 1H — 1T phase
transition during the Janus conversion, corroborated by indirect phononic signatures and direct atomic-scale
imaging. Comprehensive theoretical and experimental analyses confirm the retention of metallic behavior
in the SNbSe Janus structure. Nevertheless, further investigations are necessary to enhance crystalline
quality and to elucidate their electronic properties, potentially towards the demonstration of 2D Anderson-
Blaunt polar metals. These findings represent the pioneering effort in stabilizing Nb-based Janus metals,
expanding the library of Janus materials towards their metallic counterparts, and opening new avenues for

advanced applications in low-dimensional quantum materials.

EXPERIMENTAL METHODS

APCVD growth of monolayer NbS,. Monolayer 1H-NbS, is grown on pre-cleaned c-cut single-side-polish
sapphire substrate using a single-zone 1-inch tube furnace APCVD setup. 10 mg of Nb,Os (Sigma-Aldrige)
was mixed with 1 mg of NaCl (Sigma-Aldrige) as the niobium precursor, and crystalized sulfur pallets
(Sigma-Aldridge) were placed 17 cm upstream as the sulfur precursor. The growth begins with a 40-minute
ramp from room temperature to 850 °C under a steady flow of 120 sccm Ar carrier gas. Once the
temperature reaches 850 °C, the H, gas flow is turned on at 12 sccm. The furnace is then held at 850 °C for
20 minutes for the NbS, growth, followed by a slow cool to 650 °C (furnace lid half open) and then
quenched to room temperature (furnace lid fully open).

Mechanical Exfoliation of monolayer NbSe,. Chemical vapor transport (CVT) grown bulk 2H-NbSe,
crystals were grown and used as the starting materials for mechanical exfoliation down to 1H-NbSe,. A
large and relatively flat crystal is preferred as the starting material for exfoliation. Scotch tape is used to
repeatedly exfoliate the 2H-NbSe, crystal down to thin layers, followed by stamping the thin layers to an
X4 PDMS film (GEL-PAK). The thin layers are again transferred to O, plasma-cleaned Si/SiO, (300 nm)

substrates by stamping; this final transfer step thins down the layers one last time. Optical microscopy is
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used to locate the 1H-NbSe, monolayers on the substrates. The samples with monolayer NbSe, are subjected
to ultrahigh vacuum (107 Torr) annealing at 300 °C for one hour to remove the gap between the monolayer
and the substrate.

SEAR Janus Conversion of SNbSe and SeNbS. The SEAR Janus conversion of SNbSe from NbS, took
place inside a 1-inch quartz tube, as shown in Figure 1h with monolayer NbS, placed in the center. A copper
coil is wrapped around the tube and connected to a 13.56 MHz RF power supply for inductively coupled
plasma (ICP) generation. The monolayer sample is placed 2 cm upstream from the coil, and a crystallized
selenium source is placed 17 cm upstream from the coil. The position of the sample and chalcogen source
is based on the plasma length, which depends on the RF power and chamber pressure. The conversion
process begins with pumping down the quartz tube to 10 mTorr base pressure, followed by purging with
25 sccm of H, for 10 minutes. RF power is set to 90 W and held for 600 seconds of conversion time. The
SEAR Janus conversion of SeNbS is similar to that of SNbSe but in a different quartz chamber geometry;
it is the same as the one reported in Ref. 11'!. The sample is placed 6 cm upstream from the copper coil,
and a crystallized sulfur source is placed 9 cm upstream from the coil. The plasma conversion process is
carried out under SW of RF power and 3.3 sccm of H, flow for 600 seconds.

Raman spectroscopy Measurement. Raman measurements were taken on the Renishaw InVia Raman

Spectrometer with an excitation wavelength of 488 nm blue laser. The laser power is controlled to ~100
MW to minimize sample damage. A 2400/mm grating and a 100x microscope objective were used. Raman

signal collection occurs over 20 seconds with 1 accumulation at room temperature and ambient pressure.

X-ray Photoelectron Spectroscopy Measurement. X-ray photoelectron spectroscopy (XPS) measurements
of CVD NbS, converted SNbSe were taken on the Kratos Axis Supra + to confirm the elemental
compositions. The XPS is equipped with a dual monochromatic Al K-alpha (1486 eV)/Ag L-alpha (2984.2

eV) x-ray source. The measurement of SNbSe was taken over a 200 pm? area with 1 pm ultimate spatial

resolution. The XPS is operated in an ultrahigh vacuum environment at ~10-° Torr. The samples were grown
and converted on an Al,O; substrate and mounted to a sample holder with a screw-on metal clip. The peak
fitting and analysis were done using CasaXPS software; Gaussian/Lorentzian fitting was used for fitting
peak shapes.

Scanning Transmission Electron Microscopy. Sample preparation. Monolayer NbSe, and monolayer
SeNbS on Si/SiO, were transferred onto the Quantifoil holey carbon grid using a dry transfer technique.
The process begins with spin coating the sample with a 5 wt% solution of poly (bisphenol A carbonate)
(PC) dissolved in amine-stabilized chloroform. The polymeric thin films were dried on a hot plate at 100 °
C, forming a uniform film. The TMD/PC assembly was transferred using adhesive thermal release tape
(Nitto Denko REVALPHA, TRT). This assembly was carefully placed onto a Quantifoil holey carbon grid
using micromanipulators. A glass slide was used to facilitate handling and heating to 150°C, allowing the
separation of the TMD/PC structure from the TRT. The PC film was dissolved in chloroform and
subsequently dried in an oven. The final transferred monolayers were inspected under a microscope and

through Raman spectroscopy to confirm the absence of chloroform residue. STEM. The scanning
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transmission electron microscopy images were collected on a Nion Hermes Ultra STEM 100 microscope
operated at 100 keV acceleration voltage, the probe convergence angle was set to 34 mrad, a beam current
on the detector was about 50 pA, and an inner collection semi-angle of 80 mrad on the annular detector.
The sample was baked at 160° C for 8 hours in a UHV environment before the experiment. The images are
filtered and denoised by deconvolution of the point spread function of the electron beam from the raw image
by the Richardson-Lucy deconvolution algorithm.

DFT Calculations

Density functional theory (DFT) calculations have been performed using a plane-wave basis set with a
kinetic energy cutoff of 450 eV and projector augmented-wave potentials®', as implemented in the Vienna
Ab initio Simulation Package (VASP)®. The Perdew-Burke-Ernzerhof (PBE)® version of the generalized
gradient approximation (GGA) has been employed as the exchange-correlation functional. In order to
construct monolayers, a vacuum of 18 A along the (001) direction was introduced. Both in-plane lattice
constants and atomic positions were relaxed using GGA until the total energy converged to 10—-8 eV, and
the forces on each atom converged to 0.001 eV/A. Furthermore, spin-orbit coupling (SOC) was included in
our calculations to get the correct electronic band dispersion for NbS2, NbSe2, and Janus SNbSe
monolayers. Reciprocal space integration was carried out using a I'-centered k-mesh of 24x24x1. Phonon
dispersions were calculated using density functional perturbation theory (DFPT)% as implemented in the
PHONOPY code® using a 2x2x1 supercell of the respective monolayers and a 12x12x1 k-mesh.
Electrical Contact Patterning on NbS,

Four metal electrodes on top of the flakes were fabricated using standard lithography and metal deposition
techniques. Each metal electrode consists of a 70 x 70 ym contact pad with a 700 nm wide finger extending

to the NbS, flake, with an inter-finger spacing of 700 nm. First, bilayer photoresists were spin-coated onto
the sapphire substrates containing CVD-grown monolayer NbS, flakes (LOR3A: 4000 rpm, 30s; 180 °C,
2min; AZ3312: 4000 rpm, 30s; 100°C, 1 min). The photoresist layers were exposed using a maskless aligner
(MLA 150), followed by a post-exposure bake at 110 °C for 1 min. The exposed photoresists were
developed using AZ MIF300 for 1 minute and thoroughly rinsed with DI water. Subsequently, the substrates
with the patterned photoresists were loaded into an e-beam metal deposition chamber (Kurt J. Lesker
Company) for the deposition of 5 nm of Ti and 80 nm of Au under a deposition pressure of ~5e-7 Torr and
deposition rates of 0.5A/s for both Ti and Au. The fabrication process was completed by lifting off the
metal layers on top of the photoresists using PG Remover at 100 °C, followed by thoroughly rinsing the
sapphire substrates with DI water.

Four-Probe Measurement

Electrical resistance was measured using the four-probe technique using a semiconductor device parameter
analyzer (Keysight B1500A). A current sweep was performed on the outer two electrodes from O to 100
MA while the inner two electrodes measured the voltage, and sheet resistance was calculated from the
measured current-voltage curve with measured thickness. NbS, was first measured after the electrode

patterning process, followed by SEAR conversion of NbS, to SNbSe, and finally, the same sample was
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measured again. Temperature-dependent resistance measurement of SNbSe was carried out using PPMS

(Quantum Design) on the same structure.
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