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Due to the exceptional physical and chemical properties, vanadium nitride (VN) films exhibit significant
potential for a wide range of applications. However, their non-layered structure has hindered their
integration into two-dimensional nano-electronic devices, primarily due to the challenges associated
with synthesizing well-defined 2D films. This study proposed an efficient method for the synthesis of 2D
vanadium nitride films through a two-step growth process that combines chemical vapor deposition
with atomic substitution. For the first time, VN films with thicknesses close to the atomic level were
fabricated, and the
Transmission electron microscopy (TEM) characterization demonstrated a well-defined crystalline
structure and verified the cubic VN phase formation. X-ray photoelectron spectroscopy (XPS) coupled
with chemical state analyses confirmed the exclusive composition of VN. Atomic force microscopy

relationship between the thickness and electrical properties was studied.

(AFM) quantification established ultrathin VN film thickness down to 3.2 nm, exhibiting exceptional
surface uniformity. A four-electrode configuration was fabricated on VN films for sheet resistance
evaluation, revealing thickness-dependent electrical characteristics, achieving an optimal sheet
resistance of 16 Q sq! at 68.1 nm. Transfer characteristic analysis conclusively confirmed metallic
conduction behavior in the synthesized films. The temperature-dependent test showed the sheet
resistance is insensitive to temperature change. This methodology establishes the efficacy of the atomic
substitution method for fabricating non-layered 2D transition metal nitrides (TMNs) with enhanced
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Introduction

Vanadium nitride (VN), a transition metal nitride (TMN),* has
attracted significant research attention due to the exceptional
multifunctional properties of its thin films, particularly their
synergistic combination of high mechanical hardness, thermal
stability, and electrical conductivity. These attributes position
VN as a versatile material for applications spanning functional
coatings and energy-related technologies.”® As a non-layered
compound, VN cannot be produced through conventional
mechanical exfoliation methods typically employed for layered
materials.” Current synthesis strategies for VN films primarily
include direct current reactive magnetron sputtering,'® chem-
ical vapor deposition (CVD),'"**> atomic layer deposition (ALD),*
and vapor-liquid-solid (VLS) epitaxial growth.** Despite these
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technological advancements, the fabrication of well-defined
two-dimensional (2D) epitaxial VN films remains substantially
more challenging compared to established 2D atomic crystals
like graphene™ and WS,.*® This synthetic difficulty has resulted
in limited fundamental understanding of 2D VN's intrinsic
properties and application potential. Notably, material proper-
ties often exhibit dramatic transformations during dimensional
reduction from three-dimensional (3D) bulk structures to 2D
configurations," highlighting the critical need for developing
reliable synthesis protocols for high-quality 2D VN films. Such
methodological advancements are essential for unlocking the
full potential of 2D VN in emerging nanotechnologies.
Moreover, recent studies have confirmed that transition
metal nitride (TMN) film thickness critically governs charge
transport properties.”®' The increased thickness reduce elec-
tron scattering yet amplify surface roughness. Surface smooth-
ness proves essential for optimal conductivity, as morphological
defects trap charge carriers.”” While vanadium nitride (VN) has
been extensively studied as a representative TMN, the thickness-
dependent electronic behavior in two-dimensional VN films
remains unexplored. Consequently, establishing a precise
correlation between vanadium nitride film thickness and elec-
trical characteristics under controlled conditions of surface
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smoothness and dimensional stability becomes essential for
performance optimization in micro/nano-electronic devices.

In this study, two-dimensional vanadium dioxide (VO,) films
were synthesized through optimized chemical vapor deposition
(CcvD), followed by ammonia-assisted atomic substitution
nitridation to obtain ultrathin VN films with controlled thick-
ness down to 3.2 nm. Structural characterization using high-
resolution transmission electron microscopy (HR-TEM)
revealed a well-defined single-crystal cubic phase structure,
consistent with fast Fourier transform (FFT) patterns. Surface
morphology analysis via atomic force microscopy (AFM)
demonstrated an ultra-smooth surface with a root-mean-square
roughness below 0.4 nm. Systematic investigation of thickness-
dependent electrical properties was conducted using four-probe
measurements, revealing an inverse relationship for sheet
resistance with increasing thickness. Notably, transfer charac-
teristic curve tests confirmed the metallic nature of VN films.
This work establishes the first experimental framework corre-
lating thickness-engineering with electronic properties in 2D
VN films, by providing: (i) direct evidence for the efficacy of
atomic substitution methodology in non-layered material
synthesis, and (ii) critical benchmarks for implementing VN in
advanced nanoelectronics. The research offers a generalizable
paradigm for synthesizing and characterizing emerging transi-
tion metal nitride systems.

Results and discussion

Fig. 1a schematically illustrates the fabrication workflow for
two-dimensional VN thin films (procedural details provided in
the Experimental section). As shown in Fig. S1 (see ESI),T optical
microscopy images of as-grown VO, crystals on mica substrates
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exhibit thickness-dependent colour variations (from 3.9 to tens
of nanometers, correlated with interference contrast), and
a representative single-crystalline domain with lateral dimen-
sions exceeding 61 um. Following transfer to SiO,/Si substrates
(Fig. 1b), controlled ammonia nitridation was performed to
achieve phase-pure VN crystals (Fig. 1c), with the observed
chromatic shift (blue and purple to pink) serving as a visual
indicator of completed nitridation. Comparative Raman spec-
troscopy analysis (Fig. 1d) revealed marked structural differ-
ences: (i) VO, crystals displayed characteristic phonon modes at
141, 195, 224, 339, 385, 589, and 616 cm !, which are consistent
with the literature,** while (ii) VN samples exhibited complete
suppression of Raman activity, confirming successful conver-
sion to metallic phase. To mitigate oxidation risks (e.g., VO, to
V,0;5 or VN to VO,) induced by excessive laser power, Raman
spectroscopy measurements were conducted using a laser with
1% power intensity (original intensity: 150 mW), and a 2400
grooves/mm grating.

Atomic force microscopy (AFM) was systematically per-
formed to quantify the thickness evolution and surface topog-
raphy of as-synthesized VO, and its phase-transformed
vanadium nitride (VN) derivative. As displayed in Fig. 2a, the
AFM topography of a pristine VO, crystal on SiO,/Si (lower-left
inset: corresponding optical micrograph) reveals uniform film
continuity. Fig. 2b demonstrates the morphological retention of
the phase-transformed VN derived from the identical VO,
crystal in Fig. 2a. Cross-sectional height profiling (Fig. 2¢) at
matched spatial coordinates (blue: VO,; red: VN) documents
a thickness reduction from 3.9 nm to 3.2 nm post-nitridation,
attributable to atomic substitution-induced lattice contraction
and structural reorganization during phase transformation.*
Critically, statistical analysis of surface roughness (identical
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Fig. 1 Schematic of the growth process of vanadium nitride and the characterization. (a) Schematic illustration of the growth process,
encompassing the CVD synthesis of VO, thin films and the atomic substitution method for preparation VN thin films. (b) Optical images of grown
VO, samples transferred onto SiO,/Si substrates. (c) Optical images of VN samples, obtained by nitriding the sample shown in (b). (d) Raman
spectrum of the grown VO, and VN, the Raman peaks of VO, are marked with blue dots.
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Fig. 2 AFM characterization of a sample film before (VO,) and after nitride (VN). (a) and (b) Are AFM images at the same place on VO, and VN
sample (location marked by circle region in the left inset optical microscopy). (c) AFM height profile (along blue and red dashed lines in (a) and (b))

suggests the thickness reduced after nitriding.

scan areas) revealed a statistically significant reduction in root-
mean-square roughness (Rq: 0.53 nm to 0.38 nm). This dual
evidence—dimensional compaction and surface smoothing—
not only confirm the ultra-flat morphology of VN films (<0.4 nm
Ry) but also imply defect annihilation and interface optimiza-
tion driven by the self-limiting nitridation mechanism.

The microstructure of VO, and VN crystals at the nanoscale
was characterized by transmission electron microscopy (TEM)
technology. As shown in Fig. 3a and d, the low-magnification
TEM images of VO, and VN films transferred onto the micro-
grid copper meshes are presented. High-resolution TEM
(HRTEM) provides phase-contrast images, permitting atomic-
scale observation of the crystal structure in two-dimensional
materials. Lattice plane indices (kkl) and interplanar spacings
can be directly labeled on these micrographs. HRTEM imaging
(Fig. 3b) of VO, resolved periodic lattice fringes with spacings of
5.94 A, 3.49 A and 2.70 A, indexed respectively to the (110), (102)

and (212) crystallographic planes of metastable tetragonal VO,
(space group P4,/nmc). Fast Fourier Transform (FFT) processing
efficiently extracts diffraction information from HRTEM
images, generating a frequency spectrum analogous to selected
area electron diffraction (SAED) patterns. However, FFT-derived
spectra offer higher resolution and provide direct spatial
correlation with the imaged region. Corresponding FFT analysis
(Fig. 3c) further confirmed the tetragonal symmetry via 26.0°
and 45.8° interplanar angles between (102)-(212) and
(212)-(110) diffraction spots, respectively (matching PDF #42-
0876).>* For VN crystals (Fig. 3e), atomic-resolution imaging
unveiled a characteristic cubic lattice with spacings of 2.05 A
and 1.46 A, assigned to (200) and (220) planes of F m3m VN. FFT
patterns (Fig. 3f) exhibited 44.4° and 45.3° interplanar angles
among (200)-(220)-(200) diffraction spots, conclusively veri-
fying cubic phase consistency (PDF #35-0768).>>¢ In addition,
selecting specific diffraction spots for Inverse Fast Fourier

Fig. 3 TEM characterizations of VO, and VN film. (a) Low-magnification TEM image of VO, film transferred to a TEM grid. (b) HRTEM images of
VO, film. (c) The corresponding FFT patterns to (b), shows zone axis [221]. (d) Low-magnification TEM image of VN film transferred to a TEM grid.
(e) HRTEM images of VN film. (f) The corresponding FFT patterns to (e), shows the cubic structure of vanadium nitride belonging to the zone axis

[004].
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Transform (IFFT) reconstruction enables the visualization of
local atomic arrangements. This technique is particularly
valuable for isolating specific lattice fringes (e.g., a single set of
planes), thus enabling comprehensive indexing of lattice planes
and interplanar spacings within the original HRTEM image.

Energy-dispersive X-ray spectroscopy (EDS) quantitatively
verified the stoichiometric transition, showing predominant
V-N composition (Fig. S21) with 19.9 at% residual oxygen. This
detected O signal could originate from two plausible pathways:
(1) adventitious surface oxidation during air exposure prior to
TEM characterization, consistent with the spontaneous forma-
tion of passivation layer on VN surfaces,> or (2) partial nitri-
dation of residual oxygen-containing precursors during the
ammonia treatment process, as evidenced by the thermody-
namic preference for V-O bond dissociation over V-N formation
under low nitridation potentials.®

The chemical states of vanadium oxide and vanadium
nitride samples were analyzed using X-ray photoelectron spec-
troscopy (XPS). XPS allows for the determination of the
elemental composition and valence states within approximately
ten nanometers of the sample surface. As shown in Fig. 4a and
(d), wide-scan XPS survey spectra of VO,/SiO,/Si and VN/SiO,/Si
samples confirm coexistence of vanadium (V 2p), nitrogen (N
1s), oxygen (O 1s), and silicon (Si 2p, 2s) signatures. High-
resolution deconvolution of the V 2p core level (Fig. 4b, for
vanadium oxide) reveals two sets of doublet peaks: (i) V*"
valence state of V,05 (V 2p3/, at 517.3 eV; V 2p,, at 524.8 eV), (ii)
v** valence state of VO, (V 2ps, at 516.1 eV; V 2py, at 523.3
€V).2>% The appearance of the V>* oxidation state peak likely
originates from over-oxidation during material synthesis,
combined with unintended surface oxidation occurring in
ambient transfer procedures. And the deconvolution of O 1s

Q
O
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(Fig. 4c) resolves three chemically distinct components,
respectively are O-Si peak (532.8 eV), O-V/O-H peak (531.26 eV)
and O-V peak (530.1 eV). Deconvolution of the V 2p and O 1s
spectra conclusively demonstrates the formation of vanadium
oxide in the as-synthesized material. For vanadium nitride, the
high-resolution deconvolution of the V 2p core level in Fig. 4e
reveals three sets of doublet peaks: (i) metallic V-N bonding (V
2pss at 513.8 eV; V 2pyj, at 521.3 eV), (ii) V** oxidation state
(515.7 €V; 523.1 eV) from non-stoichiometric VO,N, phases, and
(iii) V*" oxidation state (517.0 eV; 524.2 €V) attributable to
surface-adsorbed V,0s-like species.”®*'** The presence of two
chemically distinct nitrogen moieties, as resolved by N 1s
spectral deconvolution (Fig. 4f), suggests coexisting N-V cova-
lent bonding at 397.4 eV (characteristic of stoichiometric VN),
and N-O-V hybridized states at 399.1 eV.** The exposure of the
VN film to air prior to the XPS measurement and incomplete
nitridation may have resulted in the formation of a small
amount of oxidized vanadium. Collectively, the XPS analysis, in
conjunction with high-resolution transmission electron
microscopy (HRTEM) characterization, corroborates that the
grown films are VN crystals.

Building upon the successful synthesis of two-dimensional
vanadium nitride (VN) thin films, we developed a four-
electrode device configuration to systematically investigate the
thickness-dependent electrical transport properties, specifically
focusing on sheet resistance (Rs) and bulk conductivity (o).
Current-voltage characteristics were acquired via voltage
measurement under controlled current biasing, with current
and voltage explicitly plotted as abscissa and ordinate, respec-
tively, to resolve the electrical transport behavior.

Fig. 5a illustrates the four-probe electrode configuration
implemented on a VN thin film. Four Ti/Au electrodes (labeled
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Fig. 4 X-ray photoelectron spectroscope (XPS) spectra of the prepared VO, and VN samples on SiO,/Si substrates showing survey spectrums in
(a) and (d). High-resolution, de-convoluted XPS spectra of (b) V 2p and (c) O 1s peaks for vanadium oxide, (e) V 2p and N 1s (f) for vanadium nitride.
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1-4) were patterned via electron beam lithography (EBL) and
deposited by electron beam evaporation on VN/SiO,/Si
substrates. Current (I;,) was applied through electrodes 1 and 4
while measuring the voltage drop (V,3) between electrodes 2 and
3 under controlled current sweeps (0-100 pA). The channel
geometry between electrodes 2 and 3 is defined by length L and
width w.

The channel resistance (Rchannel) Was calculated as the slope
of the linear I;,-V,; relationship. This resistance correlates with
sheet resistance (R;) through the relationship:*®

L
Rchannel = Rs W (1)

Combining this with the resistivity (p) and conductivity (o)
definitions:

1
pfngSXh (2)

LIS 3)

S
where % denotes film thickness.

Sixteen four-electrode VN devices were fabricated and char-
acterized via I-V measurements. Fig. 5b plots the I-V curves for
six representative samples with incrementally increasing
thicknesses (denoted by distinct line markers), revealing
a general decrease in Repannel (slope of I-V curves) with thicker
films. This trend, however, exhibits non-monotonic behavior
due to variations in channel geometry (L and W) across devices.
Specifically, the 54.5 nm-thick sample demonstrates anoma-
lously higher Rchanner values than the 43.5 nm sample, high-
lighting the geometric dependence of charge transport (Fig. 5b);
and the same for 81.4 and 68.1 nm-thick samples. The linearity
of the I-V curves confirms ohmic contact formation at the VN/
Ti/Au interfaces and further verifies the metallic nature of the
synthesized VN films. This experimental observation aligns with
theoretical calculations,* where analysis of the electronic band
structure and density of states (DOS) reveals a gapless ground
state and confirms the metallic character of cubic VN.

To quantify intrinsic transport properties, the sheet resistance
(Rs) of all 16 devices was calculated from R.panne (measured L and
W) using eqn (1). The comparative analysis of sheet resistance (R,
y-axis) across varying film thicknesses (x-axis) is presented in the

23998 | RSC Adv, 2025, 15, 23994-24001

column chart shown in Fig. 5c. As evidenced in the figure, the
sheet resistance (Rs) demonstrates a general decreasing trend
with increasing film thickness. The observed phenomenon
aligned well with the mechanism reported in previous
studies,*** where improved surface morphology and greater
thickness synergistically suppress surface scattering effects,
leading to a consequent reduction in sheet resistance. Notably,
this dependence deviates from strict monotonicity, which can be
predominantly attributed to the presence of incompletely
nitrided vanadium oxide species within the thicker film archi-
tectures. Furthermore, the electrical conductivity of these devices
was calculated using eqn (3), yielding values ranging from 4.25 x
10 to 1.30 x 10" S em™'. Notably, this ¢ value significantly
exceeds the reported bulk VN conductivity (0.01538 S cm™ "' at
room temperature, p = 65 Q cm),*® demonstrating enhanced
conductivity in 2D VN nanostructures.

The electrical properties of VO, were comparatively analyzed
(Fig. S31). Room-temperature I-V measurements revealed near-
metallic behavior, likely stabilized by oxygen vacancies gener-
ated during high-temperature synthesis, thereby suppressing
the insulating phase at 300 K.* Its sheet resistance (~10° Q
sq ') remained two orders of magnitude higher than our VN
films. This enhanced conductivity of VN aligns with previous
reports as a high-performance conductor.

As summarized in Table S1, the conductivity of our VN films
surpasses those of other 2D transition metal nitrides docu-
mented in literature,''**”~** establishing their superior charge
transport characteristics.

To systematically verify metallic behavior, a field-effect
transistor was fabricated using a VN (31.9 nm) film (Fig. 6a)
on 285 nm SiO,/Si substrate, and Si as the back-gate. Gate-
voltage sweeps (—40 to 40 V, V45 = 10 mV) demonstrated gate-
independent conduction: the drain-source current (Iys, elec-
trodes 2-3) remained constant within noise limits, as quantified
in the dashed-line inset of Fig. 6b.

Furthermore, temperature-dependent four-probe measure-
ments (77-300 K) were also conducted to verify the electric
transport behaviors. The linear I;,-V,3 curves (Fig. 6¢) exhibited
negligible slope variation (inset), corresponding to temperature-
insensitive sheet resistances (43.2-43.4 Q sq~ ', L = W= 1.5 um)
calculated via eqn (1) (Fig. 6d). The observed temperature-
independent sheet resistance (77-300 K) of VN thin films,
synthesized via nitridation of VO, at 650 °C, suggesting that the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 6 Electrical transport measurements of VN metal properties. (a) Optical image of a back-gate FET device. (b) Transfer curve of VN transport
device for both forward and reverse V bias with back-gate modulations. Inset: magnified view of the indicated area. Negligible gate dependence
of the I4s is observed. (c) Output /14—V>3 curves of VN transport device under different temperatures at zero gate voltage. Inset: magnified view of
the indicated area. (d) Temperature dependence of the sheet resistance of the VN sample.

nitridation process may have altered the original band structure
of VO, to create degenerate states with temperature-stable
carrier density.

Experimental

Two-dimensional vanadium nitride (VN) films were fabricated
via a two-step chemical vapor deposition (CVD) process

Step 1 - VO, synthesis. Vanadium dioxide (VO,) was grown
on fluorophlogopite mica substrates (KMg;(AlSi;044)F,) using
vapor-phase reactions. VCl; precursor (400-500 °C upstream)
was thermally evaporated and transported by 40 sccm Ar carrier
gas to the mica substrate positioned centrally at 600 °C.
Residual O, from ambient air in the sealed quartz tube facili-
tated oxidation. Prior to heating, the system was purged with
300 sccm Ar for 10 min. The furnace was ramped at 50 °C min~ "
under 40 sccm Ar flow, with a 2-min dwell at 600 °C before
natural cooling.

Step 2 - Nitridation. VO, films were transferred onto SiO,/Si
substrates and annealed in pure NH; (50 sccm) at 650 °C for 1 h
(ramp rate: 50 °C min~'; Ar background: 80 sccm) to achieve
complete nitridation.

VO, film transfer

The mica-supported VO, was sequentially spin-coated with poly
(methyl methacrylate) (PMMA; 500 rpm/10 s, and then 2000 rpm/
60 s) and polystyrene (PS: 6 g in 50 ml toluene; 500 rpm/10 s, and
then 3000 rpm/60 s), followed by thermal curing (PMMA: 130 °C/

© 2025 The Author(s). Published by the Royal Society of Chemistry

10 min; PS: 90 °C/10 min). Edge-trimmed substrates were
immersed in deionized (DI) water, where mechanical pressure
induced water intercalation, enabling polymer-mediated exfoli-
ation. The freestanding VO,/PMMA/PS stack was transferred to
SiO,/Si for nitridation or copper TEM grids. Residual polymers
were removed by sequential toluene and acetone washes.

VN film transfer

VN films on SiO,/Si were spin-coated with PMMA (500 rpm/10 s,
and then 2000 rpm/60 s) and cured (130 °C/10 min). After edge
removal by blade scraping, the substrate was etched in diluted
buffered oxide etch (BOE) to release the PMMA/VN membrane.
The floating film was rinsed in DI water (5-10 min) and trans-
ferred to TEM grids, followed by PMMA dissolution in acetone.

Device fabrication and conductivity measurements

Four-electrode devices were fabricated via electron-beam
lithography with Ti/Au electrodes (5/30 nm) deposited by
electron-beam evaporation. Temperature-dependent electrical
transport properties (77-300 K) were measured using a Keysight
B1500A parameter analyzer coupled with a Lakeshore cryogenic
probe station under high vacuum (10~* Pa).

Material characterization

The as-prepared samples were characterized using Raman
spectroscopy, atomic force microscopy (AFM), transmission

electron microscopy (TEM), and X-ray photoelectron

RSC Adv, 2025, 15, 23994-24001 | 23999
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spectroscopy (XPS). Raman measurements were conducted
using a Horiba Raman microscope equipped with 514 nm laser,
1 um spot size and 2400 grooves/mm grating. All spectra for
comparison were recorded under identical conditions. XPS
spectra were obtained using a Thermo Scientific ESCALAB 250Xi
with monochromatic Al-Ka (hv = 1486.6 eV) radiation, with
a power of 150 W and an X-ray beam spot of 500 um. And the
fixed transmission energy of the energy analyzer is 30 eV. TEM
measurements were performed on a JEM-2100 Plus microscope
at 200 kv and 0.19 nm point resolution. High-resolution
transmission electron microscopy (HRTEM) and energy-
dispersive X-ray spectroscopy (EDS) images were acquired
using a JEM ARM-200F operated at 200 kV. AFM images were
captured with a Bruker Dimension Icon AFM in tapping mode.

Conclusions

In summary, two-dimensional cubic-phase vanadium nitride
films were successfully synthesized through a chemical vapor
deposition-assisted atomic substitution strategy. The smooth
surface of synthesized VN films made them suitable for
microelectronic devices. Through four-probe testing, studies
indicated that the sheet resistance of the prepared VN films
decreased with increasing thickness. Furthermore, transfer
characteristic analysis unambiguously demonstrated metallic
conduction behavior of VN films. Notably, temperature-
dependent resistance measurements exhibited remarkable
temperature insensitivity within 77-300 K. This temperature-
independent sheet resistance characteristic suggested poten-
tial applicability in precision electronic systems and functional
materials designed for extreme operational conditions, partic-
ularly in low-temperature environments. This work provided
strong evidence for the preparation of two-dimensional non-
layered transition metal nitrides using the atomic substitution
method and offered valuable insights and guidance for the
study of the electrical transport properties of two-dimensional
transition metal nitrides.
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