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ABSTRACT: MXenes are emerging members in the two-dimensional (2D)
material family and are highlighted by their high electrical conductivity.
Among different MXenes, molybdenum-based MXenes, especially molybde-
num nitrides (MoNx), are rarely accessible through the common synthetic
approach of selective etching due to the absence of stable MAX phase
precursors. In this work, we apply the atomic substitution approach to
synthesize two phases of ultrathin nonlayered molybdenum nitrides (i.e.,
Mo5N6 and δ-MoN) from 1.6 to 42.9 nm thickness by converting layered
MoS2 under different temperatures. The morphology and 2D nature of MoS2
are well remained in both phases. These newly created 2D materials are
further characterized using Raman spectroscopy, high-resolution transmission
electron microscopy, and electrical measurements, suggesting that both phases are highly crystalline and highly conductive down to
the thickness of a few nanometers. Moreover, Ohmic contacts are formed between the ultrathin nitrides and Cr/Au electrodes,
suggesting the great potential of the obtained nitrides for nanoelectronic device applications. The stability test shows that the Ohmic
contact is well maintained after 4 weeks under ambient conditions with a slight degradation in conductivity. This study extends the
2D family by providing highly conductive members, offering desired building blocks for solid-state nanoelectronic devices.

■ INTRODUCTION
Since the first successful synthesis of two-dimensional (2D)
titanium carbide (Ti3C2Tx) in 2011,1 a new group of 2D
materials, MXenes (i.e., 2D transition-metal carbides, carboni-
trides, and nitrides), have been introduced into the 2D family.
MXenes have drawn tremendous interest among researchers by
virtue of their excellent electrical, optical, and mechanical
properties,2−4 with potential in various applications including
energy storage, transparent conductors, and gas sensors.5−8

Among a variety of synthetic strategies, selective etching of
bulk MAX phase precursors is the most widely used one to
make MXenes.9−11 Nevertheless, molybdenum-based MXenes,
especially molybdenum nitrides (MoNx), are hardly accessible
through this approach due to the rarity of stable MAX
precursors from theoretical predictions.12,13 Thus, alternative
synthetic strategies beyond the selective etching method are in
demand. Growing efforts have been spent on designing rational
synthetic routes for 2D molybdenum-based MXenes very
recently.14−24 Synthesis of 2D Mo2C has been achieved
through a chemical vapor deposition (CVD) process.21−23

With regard to MoNx, Hong et al. developed an approach to
grow monolayer MoSi2N4 by introducing silicon during the
deposition of Mo2N film using the CVD technique.14 The
presence of silicon atoms passivates the surface and hence
enables the lateral growth of the film. A single-crystal flake of
up to 20 μm can be obtained using this method. P-type

semiconducting behavior and a high Young’s modulus of 491.4
GPa were observed for the as-prepared MoSi2N4 film,
suggesting its great electrical and mechanical properties. In
addition, the synthesis of 2D Mo5N6 with tunable thickness
down to a few nanometers has been achieved by Cao et al. via
a selective atomic substitution method,15 where 2D MoS2
flakes are used as precursors to react with ammonia to obtain
ultrathin Mo5N6. The product flake has a low sheet resistance
comparable to CVD graphene. These methods offer access to
highly crystalline and tens-of-micrometer-sized metal nitrides,
especially molybdenum nitrides, building the foundation for
future exploration of their physics and applications in
electronic devices.
A variety of MoNx with different stoichiometries and crystal

structures have been reported in either bulk or 2D forms,
including MoN2, Mo5N6, δ-MoN, β-Mo2N, and γ-
Mo2N.

15−19,25−27 All MoNx are composed of host Mo atoms
and interstitial N atoms. Three of the polymorphisms (MoN2,
Mo5N6, and δ-MoN) belong to the hexagonal crystal system,
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while β-Mo2N belongs to the tetragonal crystal system, and γ-
Mo2N belongs to the cubic crystal system. With the density of
states around the Fermi level being significantly modified by
the interstitial N atoms, the concentration of nitrogen has a
remarkable impact on the electrical properties of MoNx (e.g.,
electrical conductivity).25 Nonetheless, reports on achieving
the different phases of ultrathin MoNx, especially those with
satisfactory lateral dimensions for electronic devices, are very
rare.16,17 Guy et al. synthesized different phases of nano-
structured Mo2N and Mo5N6 in a powder form by using
metalorganic clusters as precursors,17 and Jin et al. reported
that the addition of foreign elements in nitrogen-deficient δ-
MoN nanosheets could result in the formation of nitrogen-rich
Mo5N6 nanosheets.

16 Note that these works are not focusing
on the lateral size of the materials (mostly below 500 nm), and
hence the as-synthesized materials do not meet the require-
ments for solid-state electronic devices. Thus, it is important to
study whether different phases of ultrathin MoNx with high
crystallinity and relatively large lateral size (∼10 μm) can be
synthesized for the studies in fundamental physics and device
applications.
Building on our recent development of atomic substitution

strategy for ultrathin metal nitrides that are suitable for
electronic devices,15 hereby we further apply this strategy to
the synthesis of different phases of MoNx (i.e., Mo5N6 and δ-
MoN). We demonstrate that two different phases of highly
crystalline ultrathin MoNx can be acquired using the atomic
substitution approach, and the morphologies of the materials
inherit from the MoS2 precursors. Benefiting from the easy
tuning of the MoS2 thickness, MoNx flakes of a variety of
thicknesses are obtained. We further investigate the electrical
properties of both phases down to a few nanometers, and high
electrical conductivities (i.e., 229.6 S cm−1 for Mo5N6 and
3126 S cm−1 for δ-MoN) with excellent stability under
ambient conditions are observed. The new 2D members
obtained in this work extend the 2D family and provide
promising electrode materials that could serve as building
blocks for future 2D material-based electronic devices.

■ MATERIALS AND METHODS
Conversion for Different Phases of MoNx. MoS2 flakes of

different thicknesses were mechanically exfoliated from a single
crystalline bulk crystal using Scotch tape and then transferred onto a
SiO2/Si substrate with a SiO2 layer of 300 nm thickness. The
substrates were cleaned by sonication in acetone, isopropyl alcohol,
and deionized water in sequence, 10 min for each step, followed by O2
plasma cleaning. The conversion was conducted in a quartz tube with
argon (50 sccm) as the carrier gas, heated by a tube furnace. A
crucible filled with urea (500 mg) was placed at the lower temperature
zone at the upper stream to generate ammonia through the
decomposition reaction of urea, and the SiO2/Si chip with MoS2
flakes on it was held by another crucible in the middle of the heating
zone. The temperature was set to ramp from room temperature to the
target temperature (650−1000 °C) under the rate of 30 °C/min,
followed by maintaining at the target temperature for 10 h to ensure a
complete phase transition between MoNx. Afterward, the furnace was
cooled to room temperature naturally.
Material Characterizations. The as-prepared MoNx was

characterized using Raman spectroscopy, atomic force microscopy
(AFM), and high-resolution transmission electron microscopy
(HRTEM). Raman and photoluminescence (PL) measurements
were performed on a Renishaw inVia Raman microscope equipped
with a 532 nm laser line. All spectra were taken using the same
condition with a laser power of 0.27 mW. AFM topography was
acquired using a Bruker dimension system. TEM measurements were

performed using an FEI Tecnai Osiris transmission electron
microscope operating at a 200 kV accelerating voltage.

Electrode Fabrication and Electrical Measurements. All
electrodes were fabricated inside a cleanroom in a glovebox.28 The
electrode patterning was done using a bilayer photoresist (LOR1A/
S1805) and laser mask writer (Heidelberg Instruments). Then, Au/Cr
(30 nm/20 nm) was deposited using e-beam evaporation followed by
lift-off using remover PG (MicroChem).

In the transfer length method (TLM), the relationship between
total resistance (Rtotal), contact resistance (Rcontacts), and channel
resistance (Rchannel) can be described by the following equation:

R R R R l
w

Rtotal channel contacts s contacts= + = +

In the equation above, Rs is the sheet resistance of the sample, l is
the length of the channel, and w is the width of the channel. For a
flake with uniform thickness, the Rtotal versus

l
w
curve can be fitted

with a linear function, whose slope is Rs and Y-intercept is Rcontacts.
To find out electrical conductivity (σ) from Rs, a plot of R

1

s
versus h

is shown in Figure 4d. The conductivity can be extracted by
expanding the expression of sheet resistance through the following
equation:

R h1
sρ σ= = ·

R
h1

s
= σ·

with ρ being the electrical resistivity and h being the thickness of the
sample. Therefore, by fitting the

R
1

s
versus h curve into a linear

function, the value of σ can be found from the slope of the fitting line.
In Figure 5, Rs is plotted as a function of h in the log scale. The

relationship can be described as:

R hlog log log10 s 10 10ρ= −

R
hlog 1 log log10

s
10 10σ= +

Hence, the Y-intercept of each fitting line is the conductivity of the
material in the logarithm scale.

■ RESULTS
The crystal structures of the two phases of MoNx (i.e., Mo5N6
and δ-MoN) are shown in Figure 1a. The spatial distributions
of Mo atoms in both crystals follow the hexagonal honeycomb
structure in the basal plane with AA stacking of Mo atoms out
of the basal plane. N atoms are located at the interstitial sites of
Mo atoms with different arrangements out of the basal plane
(AABB for Mo5N6 and ABAB for δ-MoN).26 In addition,
different from the vacancy-free δ-MoN crystals, there are
randomly distributed Mo vacancies in the Mo5N6 lattice,
resulting in a different stoichiometry. To obtain MoNx, we
apply a nitridation reaction on MoS2 by introducing ammonia
to a horizontal quartz tube furnace heated at ∼700 °C, in
which MoS2 flakes on a SiO2/Si substrate are placed at the
center of the heating zone (see Figure S1 for the setup). By
controlling the reaction temperature, we find that both Mo5N6
and δ-MoN can be obtained (detailed characterizations using
HRTEM are discussed later). Figure 1b summarizes the
temperature condition for each phase. When the reaction
temperature falls in between 650 and 685 °C, Mo5N6 is
obtained as the product, while δ-MoN will be obtained when
the reaction temperature is between 685 and 1000 °C. The
conversion is barely observed below 650 °C, and cracks appear
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on the flakes at the high-temperature limit of >1000 °C
(Figure S2), suggesting the decomposition of MoNx.

25 The
temperature for the in situ phase transition is close to the
reported value for MoNx nanosheets.19 Note that the other
member of hexagonal MoNx (i.e., MoN2) is unstable above
550 °C under atmospheric pressure.29 Since this temperature is
even lower than the temperature where the nitridation reaction
is enabled, MoN2 has not been obtained as a product of the
conversion.
Apart from the reaction temperature, the duration also plays

an important role in the phase transition. In our previous work,
we reported the synthesis of Mo5N6 through such a
substitutional reaction at 850 °C for 1 h15 Although the

requirement for phase transition from Mo5N6 to δ-MoN has
been fulfilled thermodynamically under this condition, the
transition rate could be low enough that a little portion of
Mo5N6 is converted into δ-MoN. As a result, the majority of
the sample retained as Mo5N6. In this work, the reaction time
is significantly extended (from 1 to 10 h) to make sure thermal
equilibrium has been established in the phase transition
process, and thus, the final product is mainly controlled by the
temperature.
Figure 2 shows the optical and AFM images of flakes before

and after conversion. Two MoS2 flakes around 9 nm thick are
shown as examples to demonstrate the typical change in optical
images and thicknesses. A substantial change in optical contrast
is observed after MoS2 flakes are converted into either Mo5N6
or δ-MoN, where the pale-yellow color of MoS2 turns into dark
blue. This change in optical contrast results from the
significantly modified absorption spectra due to the distinct
electronic band structures.15 Nevertheless, the shapes and
smooth surfaces of the flakes are well maintained throughout
the conversion, which is observed from both optical images
(Figure 2a−d) and AFM images (insets of Figure 2a−d). The
height profiles extracted from the AFM images of the flakes are
shown in Figure 2e and f, presenting a drastic reduction in
thickness through the conversion, where the thickness
decreases from 9.3 to 4.9 nm (corresponds to a reduction to
52.6% of the original thickness of MoS2) for the conversion
from MoS2 to Mo5N6 and from 9.6 to 5.3 nm (corresponds to
a reduction to 56.2% of the original thickness of MoS2) for δ-
MoN. With the Van der Waals gap in MoS2 replaced by Mo−
N bonds in MoNx, the distance between two adjacent layers of
Mo atoms in MoNx is expected to reduce to 37.2% (Mo5N6)
and 37.7% (δ-MoN) of the original distance in MoS2.

26,30

Considering the existence of gaps between the flakes and
substrates, our experimental results match with the theoretical
values. By using MoS2 flakes of various thicknesses, we further
obtain MoNx flakes of different thicknesses ranging from a few
nanometers to tens of nanometers (for AFM images, see
Figure S3 of the Supporting Information).
To distinguish and identify the two different phases of

MoNx, we performed Raman spectroscopy and HRTEM
characterizations on the converted flakes. Raman spectra of

Figure 1. Crystal structures and product−temperature relationship of
the reaction. (a) Crystal structures of Mo5N6 and δ-MoN. The
arrangements of nitrogen atoms in Mo5N6 (AABB) and δ-MoN
(ABAB) out of the basal plane are labeled by red lines. (b) Products
of the reaction at different temperatures. Below 650 °C: no new
product. 650−685 °C: Mo5N6. 685−1000 °C: δ-MoN. Above 1000
°C: decomposition.

Figure 2. Optical and AFM images of MoS2, Mo5N6, and δ-MoN flakes. (a−d) Optical microscope images of MoS2 (a, c), Mo5N6 (b), and δ-MoN
(d) flakes. All scale bars: 5 μm. Insets: AFM image of the corresponding flake. (e,f) Height profiles of Mo5N6 (e) and δ-MoN (f) flakes before and
after conversion, measured along the white dash lines in the AFM images.
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MoS2 and MoNx are shown in Figure 3a. The two strongest
peaks of MoS2, the E2g

1 and A1g modes,31 vanish after the
conversion, and a new peak around 210 cm−1 appears for
Mo5N6 and a broad peak centered at 150 cm−1 appears for δ-
MoN. The distinct Raman spectra of MoNx offer a fast and
convenient approach for the distinguishment of different
phases. Moreover, the PL peaks of MoS2 disappear after
conversion with no new peaks observed (Figure S4), which is
expected, given that the band structures of both MoNx are
significantly different from that of MoS2. A detailed structural
characterization using HRTEM was performed to identify the
two phases of MoNx. As shown in Figure 3b and f, the lattice
plane distance is extracted to be 2.46 and 2.50 Å, matching well
with the interplanar distance of (100) plane of Mo5N6 (2.45
Å) and (100) plane of δ-MoN (2.48 Å),26 respectively. The
intensity profiles across the lattice planes are shown in Figure
3c and g. Apart from the interplanar distance, fast Fourier
transformation (FFT) patterns further confirm the two phases.
As shown in Figure 3d, the FFT pattern of Mo5N6 showed a
set of primary peaks distributed in a hexagon (labeled by
yellow circles) and two sets of secondary hexagonal peaks
around the primary peaks (labeled by green and blue circles).
Different from Mo5N6, the FFT pattern of δ-MoN (Figure 3h)
shows only one set of primary peaks with no secondary peaks.
These results match well with the simulated diffraction
patterns of Mo5N6 and δ-MoN crystals (Figure 3e and i),
respectively.
As a highly conductive member in the 2D family, we further

performed the electrical conductivity measurements to

evaluate the potential of these ultrathin MoNx in nano-
electronic devices. We fabricated 20 MoNx samples with Cr/
Au electrodes using the cleanroom in a glovebox system28 and
performed electrical measurements on the samples. TLM was
used to extract the sheet resistance of the samples while
eliminating the influence of contact resistance. As shown in the
schematic illustration in Figure 4a, multiple electrodes with
designed physical separations are deposited onto the samples
for various channel lengths, where the channel lengths range
from 1.25 to 13.54 μm. Details about the TLM can be found in
the experimental section. Figure 4b and c shows the optical
image and I−V curves from channels with different lengths of a
2.1 nm thick δ-MoN flake. The linear trend of the I−V curve
indicates an Ohmic contact between δ-MoN and the Cr/Au
electrode. The total resistance of each channel is plotted as a
function of the aspect ratio ( l

w
, where l and w are the length

and width of the channel, respectively) of the channel in the
inset of Figure 4c and then fitted into a linear function to find
out Rs. Considering that Rs is an extrinsic property that
depends on the thickness of the sample, we obtained the Rs of
Mo5N6 and δ-MoN with different thicknesses ranging from 1.6
to 42.9 nm. Then,

R
1

s
as a function of h is plotted in Figure 4d

with a linear fitting applied to the data to obtain the electrical
conductivity, which is a property that does not depend on the
thickness of the samples. All data points are listed in Table S1.
We find that the σ of Mo5N6 (229.6 S cm−1) is approximately
1 order lower than that of δ-MoN (3126 S cm−1), where
negligible thickness dependence is observed in σ for both

Figure 3. Raman spectroscopy and TEM characterization of MoNx. (a) Raman spectra of MoS2, Mo5N6, and δ-MoN. Peaks from the substrates are
labeled with *. (b, f) HRTEM images of Mo5N6 (b) and δ-MoN (f). The interplanar distances are measured between the planes labeled by the
solid white lines. (c, g) Intensity profiles of Mo5N6 (c) and δ-MoN (g) extracted from the corresponding HRTEM image. (d, h) FFT patterns
converted from the HRTEM images of Mo5N6 (d) and δ-MoN (h). (e, i) Simulated selected area electron diffraction patterns of Mo5N6 (e) and δ-
MoN (i) crystals.
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MoNx. Although it has not yet been verified by experimental
results, we hypothesize that the lower conductivity of Mo5N6
can be attributed to the presence of randomly distributed Mo
vacancies throughout the crystal. Based on the XPS results in
our previous work,15 the oxidation state in Mo5N6 is
dominated by the +4 state, in which case the formation of
Mo vacancies can be described by the following equation:

4e Mo V MoMo Mo
4+ = +− −

where e− stands for free electrons in the crystal, MoMo stands
for Mo atoms located on their lattice sites, VMo

−4 stands for the
negatively charged Mo vacancies, and Mo stands for the Mo
atoms leaving the crystal during the reaction. Upon generation
of one Mo vacancy, four free electrons will be vanished to
balance the negative effective charge of this vacancy to obey
the law of charge conservation. This leads to the decrement of
free electron concentration throughout the crystal, thus
lowering the electrical conductivity of Mo5N6 compared to
the vacancy-free δ-MoN samples.
We further compared the electrical conductivities of MoNx

with other widely studied metallic 2D materials, including
CVD graphene,32 Ti3C2Tx,

2,33−35 and 1T-MoS2,
36,37 with

results shown in Figure 5. Comparison with more emerging
metallic 2D materials is presented in Table S2.38−41 In Figure
5, the sheet resistances of each material at different thicknesses
are plotted and fitted into linear functions (details in the
experimental section). The Y-intercept of each fitting line on
the right Y-axis stands for the electrical conductivity of the
corresponding material. From Figure 5, we found that the
electrical conductivity of δ-MoN (3126 S cm−1) is fairly high
and comparable to Ti3C2Tx (3092−6450 S cm−1), which is
one of the most extensively studied MXenes in recent years.12

Considering the self-aligned MoS2−MoNx lateral heterostruc-
ture observed in our previous work,15 MoNx shows great
potential as contact electrode materials for MoS2-based
electronic devices. Compared with 1T-MoS2, which also
forms a self-aligned heterostructure with ultrathin 2H−MoS2
resulting in a low-resistance Ohmic contact,42 both MoNx have
noticeably higher electrical conductivities, suggesting the
promising potential of MoNx as electrode materials in
nanodevices.
Importantly, apart from the high electrical conductivities,

MoNx also shows excellent stability under ambient conditions,
which is a missing property in most MXenes and 1T-MoS2.

43,44

To demonstrate the stability of MoNx, we recurringly

Figure 4. Electrical characterization of Mo5N6 and δ-MoN. (a) Schematic illustration of the TLM. (b) Typical optical image of electrodes
fabricated on a 2.1 nm thick δ-MoN flake. (c) I−V curve of the sample shown in (b). Inset: R−l/w curve fitted into a linear function. (d) Plot of 1/
Rs versus thickness for Mo5N6 (bottom) and δ-MoN (top) with linear fitting lines. Error bars present the standard error of each data point.

Figure 5. Comparison of the electrical conductivity among Mo5N6, δ-
MoN, CVD graphene,32 Ti3C2Tx,

2,33−35 and 1T-MoS2.
36,37 Data are

plotted in the log scale with linear fitting functions.
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measured the electrical conductivity of eight samples (four
from each phase) of different thicknesses every week for 4
weeks, while the samples are kept under ambient conditions.
Results are shown in Figures S5−S7. The linear shape of I−V
curves was well maintained throughout the whole period, while
the electrical conductivity dropped to 73.36 ± 4.31% (Mo5N6)
and 75.61 ± 4.49% (δ-MoN) of the original values. As a
comparison, the electrical conductivity of Ti3C2Tx decreased
by approximately 1 order of magnitude under the same
conditions.44 The results demonstrate the excellent electrical
stability of our ultrathin MoNx, offering promising highly
conductive materials for 2D material-based devices.

■ CONCLUSIONS
In this work, we demonstrate that two different phases of
highly crystalline ultrathin molybdenum nitrides, that is,
Mo5N6 and δ-MoN, can be obtained through a phase
controllable atomic substitution reaction of MoS2 at different
temperatures. The resultant MoNx flakes inherit the morphol-
ogy and smooth surface from MoS2 flakes. Both MoNx have
characteristic Raman spectra for fast distinguishment. Electrical
measurements reveal the formation of Ohmic contacts
between MoNx and Cr/Au electrodes. High electrical
conductivities of Mo5N6 (229.6 S cm−1) and δ-MoN (3126
S cm−1) down to a few nanometers are extracted via TLM. The
stability test shows that MoNx samples maintain high
conductivity with minor degradation under ambient conditions
after 4 weeks. Our work introduces two highly conductive
members with outstanding stability to the 2D material family,
offering desirable electrode materials for future solid-state
nanoelectronic devices.
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