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Two-dimensional (2D) metallic transition metal dichalcogenides (TMDCs) have attracted extensive interest
in various fields owing to their unique electronic properties. However, studies on their transport properties
and the modulation of these properties based on their band structure are limited. Herein, we studied the
transport phenomena in 2D metallic 2H-NbSe, using experimental and theoretical approaches. The
transport properties, including electrical conductivity (6) and Seebeck coefficient (S), of mechanically
exfoliated 2H-NbSe, nanosheets were measured. We observed field effect-dependent variations in ¢ and
S of the 2H-NbSe, nanosheets. Theoretical calculations of the electronic band structures and estimations
of the transport properties of 2D 2H-NbSe, crystals were conducted to verify and explain the experi-
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mental results. The superconducting transition temperature of the exfoliated NbSe, nanosheets validated
the reliability of the sample preparation procedures and indicated the high quality of the samples. Our
findings provide a basis for understanding the electrical properties of metallic TMDCs intended for various
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1. Introduction

Two-dimensional (2D) layered materials have garnered con-
siderable attention owing to their unique electronic, optical,
and mechanical properties. These materials, such as graphene,
hexagonal boron nitride, black phosphorus, and transition
metal dichalcogenides (TMDCs), find application in nanoelec-
tronics, biosensors, catalysts, supercapacitors, and energy
storage and conversion.'™ The unique properties of 2D layered
materials can be attributed to their strong in-plane covalent
bonding and weak out-of-plane van der Waals bonding, as well
as quantum confinement effects.”® In particular, 2D TMDCs,
which consist of stacked layers of transition metal atoms sand-
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wiched between chalcogen atoms, have received considerable
research attention owing to their tunable structures and pro-
perties. These materials can be tuned to behave as semi-
conductors, semimetals, metals, and superconductors.” ™ In
2D semiconducting TMDCs, such as MoS, and WSe,, the cor-
relations between transport phenomena and band structure as
a function of material thickness, temperature, and applied
electric field have been extensively investigated."*"” Band
engineering based on thickness change and semimetallic
transport phenomena have been demonstrated in PtSe,, which
has a small overlap between the conduction and valence
bands.'®'® The ability of 2D metallic TMDCs, such as NbSe,,
NbS,, and TaSe,, to simultaneously exhibit two important tran-
sition phenomena—charge density wave (CDW) and supercon-
ductivity—has made them an ideal candidate for electronic
applications.>®*' In particular, in 2D NbSe,, where the
phenomenon of CDW occurs at approximately 33 K and super-
conducting transition is observed below 7 K, extensive studies
related to both phenomena have been reported.*>** However,
except for studies on these phenomena in the cryogenic temp-
erature range, reports on the transport properties of the metal-
lic TMDCs and their modulation based on the band structure
are still limited owing to the high band overlap and carrier
density.>*2¢

In this study, we investigated the transport phenomena in
metallic 2D 2H-NbSe, using experimental and theoretical
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approaches. The transport properties, including electrical con-
ductivity () and Seebeck coefficient (S), of mechanically exfo-
liated 2H-NbSe, nanosheets of varying thicknesses were
measured at different temperatures. We observed field effect-
dependent ¢ and S in the 2H-NbSe, nanosheets. To verify and
explain the experimental results, we theoretically calculated
the electronic band structures and transport properties of 2D
2H-NbSe, crystals with varying layer numbers. To validate the
reliability of the sample preparation procedures, including
exfoliation and device fabrication, we investigated the crystal
and stacking structures of the obtained 2H-NbSe, nanosheets
and confirmed the superconducting transition. The feasibility
of the modulation of transport properties of metallic 2H-NbSe,
based on variations in the band structure was demonstrated,
affording valuable insights into the electrical properties of
metallic TMDCs for a wide range of applications.

2. Experimental methods
Device fabrication

NbSe, nanosheets were mechanically exfoliated from bulk
NbSe, crystals (HQ Graphene) using the scotch-tape method
and transferred onto a heavily doped p'" Si substrate with
300 nm-thick SiO,. Atomic-resolution images were taken by a
scanning transmission electron microscope (STEM; JEM-ARM
200F, JEOL) to confirm the crystal structure of the exfoliated
NbSe, nanosheets. Cross-sectional samples for investigating
the atomic arrangement were prepared from vertically sliced
NbSe, nanosheets using a dual-beam focused ion beam (FIB;
crossbeam 540, ZEISS). Before microdevice fabrication, the
thickness of the NbSe, nanosheets was determined using
atomic force microscopy (AFM; XE-150, Park Systems) in
contact mode. For transport measurements, the electrodes of
the microdevice were patterned using an electron-beam litho-
graphy system (VEGA3, Tescan and NPGS, JC Nabity
Lithography Systems). Ar plasma treatment (ICP-RIE System,
LAT) was conducted on the contact interface between the
NbSe, nanosheet and electrodes before metallization. For elec-
trical and mechanical contacts, Cr (5 nm)/Au (100 nm) electro-
des were deposited using a custom-made sputtering system.
The sputtering was performed in an Ar atmosphere under a
pressure of 2 mTorr at a DC power of 30 W; the deposition
rates for Cr and Au were 0.207 and 0.686 nm s~ ', respectively.
Details of the device fabrication are described in previous
reports.””*®

Transport measurements

All transport measurements were conducted in high vacuum
(<5 x 107° Torr). The resistance values of the NbSe, nanosheets
were determined by measuring the current-voltage (I-V)
characteristics with a current source (Keithley Model 6221) and
voltmeter (Keithley Model 2182). The voltage difference during
Joule heating was measured using a voltmeter (Keithley Model
2182). The temperature difference caused by Joule heating was
determined using a lock-in amplifier (SR850, Stanford
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Research Systems) based on the temperature coefficient of re-
sistance (TCR) method. The temperature-dependence of trans-
port properties was determined using a cryostat measurement
chamber (X-1AL, Advanced Research Systems) and physical
property measurement system (PPMS, Quantum Design).
Detailed methods for obtaining ¢ and S are described in the
results and discussion.

Theoretical calculations

The electronic band structures and transport properties of the
NbSe, nanosheets were theoretically determined via first-prin-
ciple density functional theory (DFT) and Boltzmann transport
equation (BTE). The calculations were performed using the
generalized gradient approximation (GGA) with the Perdew-
Burke-Ernzerhof functional and projector augmented plane
wave method implemented in the Vienna Ab initio Simulation
Program (VASP) code.”**" The cut-off energy of the plane-wave
basis was set to 600 eV, and a k-point mesh of 12 x 12 x 3 was
used. The structural optimizations were performed until the
Hellmann-Feynman forces were less than 107 eV A™'. The
transport properties were determined using the Shankland-
Koelling-Wood interpolation as implemented in the
BoltzTraP2 code.**** The band structures obtained from DFT
calculations were interpolated using the extended Shankland
algorithm, and the Onsager transport coefficients were deter-
mined using the linearized Boltzmann transport equation
based on the rigid-band approximation.**~®

3. Results and discussion
Structural characterizations

Fig. 1 presents the structural characterization results of the
2H-NbSe, nanosheets. A monolayer of NbSe, has a hexagonal
lattice structure and comprises three atomic sublayers, in
which Nb atoms are sandwiched between Se atoms
(Fig. 1(a)).”” Each Nb atom is coordinated by six Se atoms in a
trigonal prismatic geometry with strong intra-layer covalent
bonds.*® Multilayered bulk 2H-NbSe,, which belongs to the
P63/mmc space group, is formed by weak inter-layer van der
Waal bonds with an AB' double-layer stacking order
(Fig. 1(b)).>**°

The top-view high-resolution STEM (HR-STEM) image of
the 2H-NbSe, nanosheet is in good agreement with the
expected atomic arrangement of AB’ stacking (Fig. 1(c)). In the
dark-field image presented in Fig. 1(c), the Nb atoms appear
brighter than the Se atoms. The image presented as an inset to
Fig. 1(c), obtained after contrast adjustment, clearly reveals
two distinct atomic positions that are consistent with the
simulated image in a previous study.*” The cross-sectional
STEM images (Fig. 1(d) and (e)) clearly show the AB’ stacking
order between the Se-Nb-Se sandwich structures present in
2H-NbSe, nanosheets. The lattice constants of a 2H-NbSe,
nanosheet are determined as @ = b = 3.5 A and ¢ = 12.6 A. The
obtained lattice constants are consistent with previously
reported values.***!

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 (a) Top- and side-views of the crystal structures of a monolayer of 2H-NbSe,. (b) Schematic showing stacking order and top-view of a multi-
layer 2H-NbSe,. (c) Top-view HR-STEM image (xy-plane) of a mechanically exfoliated 2H-NbSe, nanosheet. The inset shows the position of Nb
atoms obtained by contrast adjustment. Cross-sectional HR-STEM images of (d) xz- and (e) yz-planes obtained from vertically sliced 2H-NbSe,
nanosheets. STEM images of xy- and xz-planes are partially excerpted and redrawn from a previous work with permission.?®

Transport properties

Fig. 2 presents an image of the microdevice and raw data for
determining the transport properties of the 2H-NbSe,
nanosheets. The microdevice comprises a heater electrode and
two thermometers (TMs) (Fig. 2(a)). The Seebeck voltage (AVs)
was obtained by measuring the voltage difference between the
near and far TMs after varying the temperature gradient using
the heater. Joule heating is proportional to the square of the
heater voltage (Vy); hence, AVy exhibits a parabolic depen-
dence on Vy (Fig. 2(b)). The I-V measurement was also per-
formed using the same electrodes (inset of Fig. 2(b)). The
temperature difference (AT) between the two TMs was deter-
mined using the relationship between resistance and tempera-
ture. The value of AT was derived by measuring the resistance
of each TM, and the value of S was calculated according to the
relation: S = —AVg/AT. The variation in resistance of TM due to
Joule heating was determined by measuring the voltage signal
(Vrm) using the four-terminal technique under a constant
current source. The variation of Vi, as a function of Vy is also

This journal is © The Royal Society of Chemistry 2024

parabolic, similar to that of AVg (Fig. 2(c)). To determine the
temperatures using resistance values, the TCR of each TM was
obtained by measuring the temperature dependence of Viy
(Fig. 2(d)). The obtained values of AT also exhibit a parabolic
dependence on Vy (inset of Fig. 2(d)). The ¢ of the nanosheet
was calculated using the slope of the I-V curve and the relation
o = L/Rwt, where L, R, w, and ¢ are the channel length, resis-
tance, width, and thickness, respectively.*> The contact resis-
tance between the nanosheet and electrodes was determined
to be negligible compared to the resistance of the nanosheet.
Fig. 3 shows the transport properties of the 2H-NbSe,
nanosheets. The temperature dependence of ¢ was measured
using five different nanosheets of different thicknesses
ranging from 4.3 to 8.8 nm (Fig. 3(a)). Irrespective of the thick-
ness of the 2H-NbSe, nanosheets, ¢ increases with decreasing
temperature. The value of o increases monotonically with
decreasing temperature up to 30 K, as observed for the 8.8 and
8.3 nm-thick 2H-NbSe, nanosheets. The obtained results are
consistent with the previously reported metallic characteristics
of the 2H-NDbSe, nanosheets, indicating that the dependence
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Fig. 2 (a) Optical microscope image of the microdevice based on the 2H-NbSe, nanosheet. (b) Seebeck voltage as a function of the heater voltage.
The inset presents the /-V curve for resistance determination. (c) Thermometer voltage as a function of the heater voltage. (d) Thermometer voltage
as a function of temperature for TCR measurement. The inset shows the temperature difference obtained from the thermometer voltage using the

TCR method.

of ¢ on the carrier mobility is dominant compared to that on
the carrier density at different temperatures.”®** As shown in
the inset of Fig. 3(a), the value of ¢ decreases as the thickness
of the nanosheet decreases, except for the 6.9 nm-thick
nanosheet. In general, a decrease in ¢ due to spatial restric-
tions is attributed to the reduction in carrier mobility;
however, it has been reported that the mobilities of bulk and
few-layered 2H-NbSe, are not significantly different.***>
Therefore, it is necessary to analyze the band structures, which
are discussed in detail in the theoretical calculation section.
The temperature dependence of S of the 2H-NbSe, nanosheets
is presented in Fig. 3(b). The 2H-NbSe, nanosheets exhibit
negative S values at 300 K, and the absolute values of S
decrease as the temperature decreases. For the 8.8 and 8.3 nm-
thick nanosheets, a negative to positive crossover of S is
observed below 100 K. The temperature dependence of S is
consistent with that in previous studies on bulk and few-
layered 2H-NbSe,.*> The thickness dependence of S at room
temperature, presented in the inset of Fig. 3(b), is discussed
with the theoretical results in the next section. The deviation
observed in the case of the 6.9 nm-thick nanosheet with

Nanoscale

regard to the thickness dependence of ¢ is attributable to a
slight change in carrier density, as inferred from its Seebeck
coefficient."®

To quantitatively understand the transport properties of the
2H-NbSe, nanosheets, the field effect dependences of ¢ and S
were investigated using the back-gate configuration of the
microdevice; the results are presented in Fig. 3(c) and (d). We
previously reported that the changes in ¢ and S caused by the
gate modulation of the devices fabricated using metallic
2H-NbSe, are imperceptible compared to the changes caused
by temperature variation.”® However, reproducible slope of
data are obtained from the gate-modulated devices, despite
the weak dependence of ¢ and S on gate modulation and high
signal-to-noise ratio of slope. Moreover, a discernible trend is
derived by comparing the normalized slopes of ¢ and S after
gate modulation of the devices containing 2H-NbSe,
nanosheets of different thicknesses. The slope of o, normal-
ized to the value at zero-gate voltage, versus the gate voltage is
positive irrespective of the thickness of the nanosheet, indicat-
ing that the majority of carriers are electrons (Fig. 3(c)).">*®
The values of normalized slope of ¢ increase with decreasing

This journal is © The Royal Society of Chemistry 2024
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Fig. 3 Temperature-dependent (a) electrical conductivity and (b) Seebeck coefficient of 2H-NbSe, nanosheets having a thickness of 8.8, 8.3, 7.1,
6.9, and 4.3 nm. The insets to (a) and (b) present the thickness dependences of electrical conductivity and Seebeck coefficient at 300 K, respectively.
The error bars are smaller than the symbol sizes for the both electrical conductivity and Seebeck coefficient measurements. Gate-dependent (c)
normalized electrical conductivity and (d) normalized Seebeck coefficient of 2H-NbSe, nanosheets having a thickness of 8.8, 6.9, and 4.3 nm. Data
for the 8.8 nm nanosheet were obtained from a previous work with permission.?®

nanosheet thickness. Based on the reported carrier mobility
of 2H-NbSe,, the -carrier density of the 8.8 nm-thick
nanosheet was found to be approximately 4 x 10> cm™ and
a doping level of 10" cm™ was estimated at the 80 V gate
voltage; this is in good agreement with the calculation using
the Si-SiO,-NbSe, capacitance structure, considering the
screening effect.*>*” A similar gate voltage dependence is
observed for the S values. The slopes of normalized values
of S as a function of Vg are negative, and the magnitudes of
slope value increase with decreasing nanosheet thickness
(Fig. 3(d)). In general, when compared to o, S is more sensi-
tive to carrier density; therefore, as a function of gate
voltage, the magnitudes of slope value of normalized S are
approximately one order of magnitude higher than those of
0.*® A higher dependency on the gate voltage, observed after
thickness reduction of the nanosheet, may be associated
with changes in the band structures. However, the screening
effect during gate modulation cannot be ruled out.**>°
Therefore, to clarify the thickness dependence of the trans-
port phenomenon, theoretical calculations are performed
based on band structure.

This journal is © The Royal Society of Chemistry 2024

Theoretical calculations

Fig. 4 shows the electronic band structures and density of
states (DOS) for 2H-NbSe, of different thicknesses. In bulk
crystal, the conduction bands cross the Fermi energy level (Eg)
and DOS, indicating that the partially filled electronic states
mainly originate from Nb with a minor contribution of Se
(Fig. 4(a)).>" Conversely, the DOS of valence bands is mainly
driven by Se. The electronic band structures indicate metallic
features; this observation is consistent with our experimental
observations and previous studies.”’>® To investigate the
change in electronic states as a function of the thickness of
2H-NbSe,, the band structure and DOS of tri-, bi-, and mono-
layered nanosheets were calculated (Fig. 4(b)-(d)). As the
number of layers decreases, the valence bands are further
lowered due to the reduced interlayer interactions, resulting in
the formation of a band gap. However, no significant changes
in the partially occupied conduction bands, which govern the
transport phenomena, can be observed.’® Therefore, the trans-
port properties, including ¢ and S, were calculated based on
the band structures for a more precise understanding.

Nanoscale
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Fig. 4 Electronic band structures and density of states (DOS) of (a) bulk, (b) tri-layered, (c) bi-layered, and (d) mono-layered 2H-NbSe,. Data for
bulk 2H-NbSe, are redrawn from a previous work with permission.2® The DOS is represented in units of states per formula unit per electronvolt

(states f.u."t eV™Y).

Fig. 5 shows the calculated values of ¢ with respect to scat-
tering time (o/7) and S for 2H-NbSe, of different thicknesses.
The obtained values of o/r near Er indicate changes in the
band structures and DOS (Fig. 5(a)). This, in turn, indicates
that the metallic-type temperature dependence of ¢ is due to
the variation in carrier mobility (Fig. 3). The calculated values
of S vary from positive to negative depending on the energy
(Fig. 5(b)), because the sign of S reflects the change in DOS for
the energy (Fig. 4).>” Negative S values and temperature vari-
ation of these values are observed in the energy range between
—0.5 and 0 eV, and the negative to positive crossover of S
occurs at low temperatures near the energy values of —0.1 eV
(inset of Fig. 5(b)). Further, the dependence of the transport
properties on the gate voltage enabled the estimation of the
zero-gate Er of the 2H-NbSe, nanosheets. The ¢ and absolute S
values exhibit positive and negative dependences on the gate
voltage, respectively (Fig. 3(c) and (d)). These experimental
results are in good agreement with variations of ¢ and S
obtained using theoretical calculations below 0 eV (Fig. 5(a)
and (b)). Furthermore, in this energy range (<0 eV), the change
of calculated S according to temperature is consistent with the
measured temperature dependence of S.

Nanoscale

Next, the effect of changes in the band structure on the
transport properties was evaluated by varying the number of
layers of 2H-NbSe,. The value of o/ decreases as the number
of layers decreases, except in the energy range from —0.5 to
—0.25 eV (Fig. 5(c)). A monotonic decrease in o/r is observed
below 0 eV, indicating that the thickness-dependence of ¢ is
linked to the changes in the band structure. The thickness
dependence of S could not be clearly determined; however,
clearly, the variations in S values caused by the changes in the
band structure are more pronounced than the variations in o
(Fig. 5(d)). Furthermore, the energy at which the negative to
positive crossover of S occurs decreases with decreasing
number of layers, suggesting that the band structure influ-
ences the crossover temperature. This explains the changes in

the crossover temperature observed in previous studies.*®**>®

Superconductivity results

The superconducting property of the exfoliated NbSe,
nanosheet was measured to verify its quality. Fig. 6 shows the
temperature-dependent resistivity (p) of the nanosheet for
temperatures ranging from 2 to 300 K. To achieve sufficient
sample length and apply the four-terminal technique, a

This journal is © The Royal Society of Chemistry 2024
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Fig. 6 Temperature-dependent resistivity of a 38.9 nm-thick 2H-NbSe;,
nanosheet. The top-left inset shows the microdevice with four-terminal
configuration. The bottom-right inset presents a magnified view of the
superconducting transition.

38.9 nm-thick nanosheet was used (top-left inset of Fig. 6).
The temperature dependence of p indicates the metallic
characteristic of the nanosheet. The residual resistivity ratio
(RRR), defined as psq0 k/p7 , is determined to be 14.7. A rela-

This journal is © The Royal Society of Chemistry 2024

tively high RRR indicates that the samples are of high quality;
the determined RRR is consistent with the previously reported
value obtained using the same source material.”® However, the
RRR was not sufficient to clearly observe the CDW phenom-
enon around 30 K in the temperature dependence of p; the
CDW was observed in samples with RRR higher than 20 in pre-
vious studies.®®®* The superconducting transition temperature
(T.) is observed to be 6.3 K (bottom-right inset of Fig. 6). The
T. of 2D NbSe, gradually decreases from that of bulk NbSe,
(7.2 K) as the sample thickness decreases because of the
reduction in carrier density with decreasing number of layers,
which reduces electron screening and increases Coulomb
interaction.®®*® Although no distinct CDW phenomenon is
observed, the obtained T. value is consistent with the reported
values based on the thickness; this validates the reliability of
the sample preparation procedures, including nanosheet exfo-
liation and device fabrication.

4. Conclusion

In summary, the transport phenomena in 2D 2H-NbSe, were
investigated using experimental and theoretical methods. The
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dependence of ¢ and S of mechanically exfoliated 2H-NbSe,
nanosheets on the temperature, thickness, and gate voltage
was measured. The band structures and DOS for 2H-NbSe,
crystals having different number of layers were obtained using
first-principle DFT calculations. The ¢ and S of 2H-NbSe, crys-
tals were estimated by solving the BTE based on the DFT calcu-
lations. Theoretical calculations revealed a metallic-type temp-
erature dependence of ¢ and negative to positive crossover of S
with temperature. The observed thickness dependences of o
and S were correlated with the changes in band structures cal-
culated by varying the number of layers of 2H-NbSe,. The
results obtained after gate modulation of devices fabricated
using exfoliated 2H-NbSe, nanosheets were also explained by
the variation in energy levels in the calculated band structures,
which was used to estimate the Eg of the nanosheets. The use
of experimental and theoretical approaches to investigate the
transport properties of metallic 2D 2H-NbSe,, including modu-
lation of transport properties based on band engineering,
advances the understanding of the electrical properties of
metallic TMDCs for diverse applications.
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