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Abstract

4-layer NbSe; is grown on SiO, by molecular beam epitaxy. The in-situ X-ray photoelectron
spectroscopy measurements suggest an Nb-rich stoichiometry (Nbi+Sey) likely due to the
intercalation of Nb atoms in between the NbSe, layers. The metallic nature of the samples is
confirmed using scanning tunneling microscopy and local density of state measurements as
well as band structure calculations. This metallic nature is consistent with the small measured
Seebeck coefficient and large electrical conductivity values. A change of sign in the Seebeck
coefficient is observed in the bulk single crystal sample at 50 K, and in the polycrystalline few-
layer sample at 120 K. Since the samples are metallic, this change of sign is the result of a
change in the density of state slope at the Fermi level. The temperature dependence of the
measured Seebeck coefficient matches with theoretical calculations for 4 layer NbSe,. The
room temperature Seebeck coefficient is negative, but when oxidized, that of the few-layer
sample changed to positive. The in-plane thermal conductivity of the few-layer samples is
measured using the heat diffusion imaging method at low temperatures and is (32 + 10) W/m-K
at 200 K.

Keywords: two-dimensional materials, molecular beam epitaxy, niobium selenide, thermoelectric, density functional theory,

scanning tunneling microscopy

1. Introduction

Two-dimensional (2D) materials possess a wide range of
electronic properties, from insulating to superconducting,
depending on their crystalline structures and the topology of
their electronic structure. These properties can be tuned by
mechanical strain [1,2], applied field [3], and the number of

layers [4,5]. Transition metal dichalcogenides (TMDs), as an
important family of 2D materials, share most of these traits
[6]. In terms of thermoelectric applications, 2D confined states
can result in a large Seebeck coefficient: many few-layer
samples have shown superior thermoelectric properties
compared to their equivalent bulk counterparts, and hence are
of interest for thermoelectric energy conversion [7] and
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nanoscale cooling applications [8]. For instance, at room
temperature, monolayer graphene/hBN has a power factor
times temperature (PF7T) of about 10 W/m'K [9], which is an
order of magnitude larger than a commercial bulk BioTes. The
best-performing low-temperature TMD sample to date is
MoS,/hBN with a PFT of about 1.5 W/m-K at 30 K [10],
which is larger than most bulk samples at a similar
temperature.

Among TMDs, NbSe; is of particular interest. In its 2H
phase, charge density waves (CDWs) and superconductivity
occur and coexist at low temperatures (below 7 K for bulk
crystals), with the superconducting state and the CDW
transition temperature depending on thickness [11-13]. 2H-
NbSe; has been studied extensively as an exemplary system
for highly correlated electronic states both experimentally and
theoretically [11-15]. Its electrical and magneto-transport
properties have been used at low temperatures to identify the
superconducting or the CDW phase of the sample [11,12,16].
It has been found that when an in-plane magnetic field is
applied to a few-layer NbSe,, it exhibits two-fold rotational
symmetry in the superconducting state as opposed to the three-
fold lattice symmetry [17]. Due to its non-centrosymmetric
superconductivity, few-layer NbSe, can be fabricated into
superconducting antenna devices, which have shown a
reversible nonreciprocal sensitivity to electromagnetic waves
with a wide range of frequencies [18].

In recent years, it was discovered that islands of the 1T
polymorph of NbSe;, which is thermodynamically
unfavorable as a bulk material [19-22], could be grown by
molecular beam epitaxy (MBE) [23]. Monolayer 1 T-NbSe; is
believed to be a Mott insulator in its CDW state according to
several scanning tunneling microscopy (STM) studies [23—
25]; while one study finds it to be a charge-transfer
insulator [26]. Although not a focus of this study, this stable
1T phase in the few-layer limit has sparked renewed interest
in NbSe; and adds to its application potential.

In this paper, we conduct a study on a few-layer Nb;Se>
grown by MBE on SiO»/Si substrates. A single crystal bulk
2H-NbSe; sample grown by chemical vapor transport (CVT)
was used as a reference. The MBE-grown material was
characterized by X-ray photoelectron spectroscopy (XPS) and
STM. In-plane thermoelectric transport measurements of the
thin film samples, including normalized electrical resistance,
electrical conductivity, and Seebeck coefficient were
performed over a broad temperature range and compared with
the bulk sample. The understanding of the transport properties
was aided by first-principles calculations as well as STM
probing. Finally, the in-plane thermal conductivity of few-
layer NbSe; was measured using heat diffusion imaging, an
electrical-pump optical-probe method based on the
thermoreflectance technique, at low temperatures (50 K to
200 K). The thermal conductivity shows a maximum of
53 W/m'K at 120 K. Despite the relatively large electrical

conductivity values, using Wiedemann Franz law, we can
estimate that the electronic contribution to the thermal
conductivity is much smaller than the lattice contribution and
the large thermal conductivity is from phonon conduction.

2. Material and Methods

2.1. Few-layer sample synthesis and XPS
characterization

4-layer (4L) NbSe, was grown on SiO; by MBE. The SiO»
substrate preparation varied depending on the nature of the
oxide. 285 pm thick SiO»/highly p-doped Si films were rinsed
in acetone and isopropanol and blown dry with N, gas. The
few-nm thick chemically grown SiO»/intrinsic Si layer was
grown by first removing the native oxide using a 1% HF dip
for 2 min. The SiO; layer was then produced by a 2-min. dip
in a Piranha etch followed by a rinse in DI water and blown
dry with N, gas. The samples were held to Mo sample plates
using stripes of Ta foil which were spot welded to the sample
plates. All samples were exposed to a 5-min. UV-Oj treatment
just before being introduced into the vacuum to remove any
adsorbed contaminates. Once in ultra-high vacuum, the
substrates were first held at 245 °C for 12 h. Then, prior to
growth, the substrate was heated to 800 °C and held there for
10 min. to remove any physiosorbed species from the
substrate. The substrate was then cooled down to the growth
temperature of 770 °C. Se (99.999% pellets, Kurt J. Lesker)
was evaporated from a standard effusion cell and Nb (99.9%,
rod, Goodfellow Cambridge Ltd.) from a Focus EFM-4 ultra
high vacuum (UHV) e-beam evaporator. The Nb rod was
evaporated using a constant heating power (constant emission
current and voltage). The heating power of Nb was set to
provide a beam equivalence pressure of 2 x 10° mBar as
determined by a beam flux monitor placed in the path of the
Nb beam prior to growth. The beam pressure of Se was
measured in the same way and ranged from 3.1 x 10 to 3.3 x
10® mBar for samples grown in this work which resulted in
flux ratios of ~1500:1. The growth of NbSe, was carried out
by co-depositing the Nb and Se elemental sources
continuously until the 4-layer films were completed. The
thickness was estimated by reflection high energy electron
diffraction (RHEED) and confirmed using in-situ XPS. At the
end of the growth, the Nb source was closed, and the films
were held at the growth temperature for 2 min. in a Se flux
before turning off the sample heater and allowing the sample
to cool in an Se flux for 10 min. The Se shutter was then closed
to avoid Se condensation on the grown thin films. In-situ XPS
was carried out using a monochromated Al-ka source (1486.7
eV) at 50 eV pass energy to study the chemical nature of the
films and measure the final film thickness which was based on
the attenuation of the Si 2p core level of the substrate. Prior to
removal from UHV, amorphous Se capping layers were
deposited in the MBE module at room temperature. Further



details of the MBE tool and in-situ characterization techniques
used can be found elsewhere [27].

2.2. CVT growth

Single-crystalline NbSe, flakes were grown using iodine-
assisted CVT method. Stoichiometric amounts of Nb (99.9 %,
Strem Chemicals) and Se (99.999 %, Strem Chemicals)
powders with a total weight of =1 g were loaded in a quartz
ampoule together with #90 mg (3.8 mg/cm?) of I, transport
agent. The ampoule was sealed under vacuum and placed in a
single-zone furnace with the temperature at the charge and
growth zones being 825 °C and 700 °C, respectively. The
growth duration was 140 h. Lattice parameters of 2H-NbSe»
crystals, a = b = 3.445(3) A and ¢ = 12.548(2) A, were
determined from powder X-ray diffraction scans (Bruker D8)
using Materials Data Inc (MDI) Jade 6.5 software (Livermore,
CA 2015).

2.3. Device fabrication

Two batches of NbSe, samples were grown to satisfy the
different measurement setup requirements. One batch was
grown on 285 nm thick SiO»/highly p-doped Si (samples S1
to S4). This substrate was chosen for optimal optical contrast.
Samples S1-S4 were grown on the same piece of SiO;
substrate, which was later diced for different measurements.
Another batch of samples was on chemically grown
SiOy/intrinsic Si substrate (sample S5). The intrinsic Si
substrate was required to eliminate the substrate’s contribution
to the Seebeck measurements as contacts are attached to the
sides of the sample.

Devices S1-S4 were fabricated following the same
procedures with photolithography: the full coverage thin film
was first etched by CF4 plasma (30W, 120 s) to a well-defined
rectangular area, then the electrodes (5 nm Ti/50 nm Au) were
deposited using e-beam evaporation (base pressure of 10
Torr, deposition rate of 0.4 A/s for Ti and 2.0 A/s for Au). A
schematic of the device configuration is provided in SM,
which includes one heater close to one end of the thin film,
two thermometers on top of the ends of the film, and four side
contacts.

Device S5 was fabricated to fit the measurement setup for
Quantum Design VERSALAB Thermal Transport Option
(TTO). A picture of the electrode configuration is provided in
SM. A two-component silver-filled epoxy was used to attach
the 0.5 mm wide gold-coated Cu wire contacts.

The CVT bulk device was also measured inside the
VERSALAB setup using similar configuration. The thin
NbSe; flake was mounted on a glass substrate as added
support for the electrodes. A picture is provided in SM.

2.4. Electrical resistance measurement

Standard 4-point probe configuration was used for all
electrical resistance measurements. Electrical currents were
sent through the contacts at the two ends of the samples, and
electrical voltages were measured by the two contacts on the
side of the samples, between the current leads.

2.5. Seebeck coefficient measurement

For S1, up to 30 mA current was supplied to the resistive
heater for the temperature gradient. Temperature and voltage
responses at the two ends of the sample were recorded by the
two thermometers. The temperature response was acquired in
form of changes in the thermometer resistances, which were
then calibrated by changing the sample stage temperatures
from 295 K to 310 K in a separate measurement.

For S5, the temperature dependence of the Seebeck
coefficient was measured in the one-heater two-thermometer
configuration employing the single-mode measurement
technique of the TTO mode. One end of the sample was
connected to a resistive heater while the other end was
connected to the coldfoot of the sample puck. Two Cernox
sensors placed along the length of the sample were used to
measure the voltage and temperature difference
simultaneously. An uncertainty of about 5% is estimated.

2.6. Thermal conductivity measurement

In-plane thermal conductivity was measured following the
heat diffusion imaging method [28]. A 60x Nikon objective
with numerical aperture =0.7 was wused with the
thermoreflectance imaging setup from Microsanj LLC. LEDs
of 530 nm and 470 nm wavelengths served as the light source.
Electrical pulses of 5 ms duration, 30% duty cycle and 5 V to
10 V voltages were supplied during measurements. The
temperature maps were taken at a delay time of 5 ms, which
was the end of the pulse.

2.7. DFT calculation

We used first-principle based DFT calculations to obtain
the theoretical results. The band structure and the density of
states were calculated using the QUANTUM ESPRESSO
package [29]. The exchange-correlation functional was
treated with generalized gradient approximation (GGA) in the
form of modified Perdew-Burke-Ernzerhof (PBEsol) [30]
functional. The interaction between the valence and core
electrons was described using the projector augmented wave
(PAW) pseudopotentials [31]. We set the plane-wave kinetic
energy cutoff at 60 Ry with a charge density of 480 Ry. The
geometry relaxation calculations were performed as a result of
the Born Oppenheimer approximation [32], where the lattice
parameters and the atomic coordinates were determined by
minimizing the energy function within the adopted numerical
approximations using the Broyden—Fletcher—Goldfarb—
Shanno (BFGS) algorithm [33]. The convergence threshold



for energy was set to 1072 in the self-consistent calculation.
We included approximately 14 A of vacuum between the
periodic replicas to simulate the four layers of the NbSe»
structure. The Seebeck coefficients were calculated using the
BoltzTrap [34] package with the semi-classical Boltzmann
transport method in the constant relaxation time [35]
approximation.

2.8. STM measurement

The 4-layer NbSe, sample was examined using an Omicron
Nanotechnology Variable Temperature Scanning Probe
Microscopy system (VT-STM) with a base pressure of
5x10" mbar and the sample at ambient temperature. The
topography images were acquired with an electrochemically
etched tungsten tip and imaging conditions are marked in each
image; the most frequently used imaging conditions were Vpias
=0.45 V and I, = 0.2 nA, and it is indicated in the figure if
other values were used. The NbSe, sample was capped with a
thin Se layer to minimize oxidation during transport through
air to prevent oxidation and was annealed twice to 250 °C to
remove the Se-cap; the first anneal was sufficient to
completely remove the Se cap, and topography images after
first and second anneal were indistinguishable. No oxide was
detected at the step edges [36] attesting to the efficiency of the
capping and removal process. A third anneal was performed
at 350 °C to test the material stability and resulted in the
formation of numerous defects across the sample surface.

The topography images were leveled by mean plane
leveling using Gwyddion [37]. Scanning tunneling
spectroscopy (STS) was performed using point spectra, and
so-called STS grid spectra. Grid spectra capture a complete
topography image and for every third image pixel the
feedback loop was opened and an I/V curve measured,
followed by two pixels of topography imaging with a closed
feedback loop. dI/dV curves were generated by numerical
differentiation using a two-point method.

3. Results and Discussion

3.1 Characterization of NbSe; growth

Single crystal 2H-NbSe, flakes were grown using CVT as
reference samples. 4-layer thick NbSe, were grown on SiO»
by MBE. The growth of 4L NbSe, was characterized by in-
situ XPS. The core-level spectra of the Nb 3d and Se 3d core
levels can be seen in Fig. 1 for S1-S4 on on 285 nm thick
SiO/highly p-doped Si substrate and S5 on chemically grown
SiO./intrinsic Si substrate. The lineshapes of the Nb 3d core
level as observed in XPS of the MBE-grown 4L samples are
consistent with the reference CVT-grown 2H-NbSe, (see
Fig. 1). The Se 3d core level however differs from the
expected lineshape of 2H-NbSe,. This deviation of the Se 3d
spectra is thought to be a consequence of intercalated Nb
atoms which would change the coordination of adjacent Se

atoms. In contrast, the coordination of all Nb atoms is
identical, thus the deviations in the Nb 3d spectra are subtle.
The coordination of Nb and Se atoms in the Nb;xSe; structure
has been discussed previously by Selte and Kjekshus [38].
Angle-resolved  photoelectron  spectroscopy  (ARPES)
measurements were carried out on MBE thin films grown on
single-crystal graphene substrates using identical growth
conditions to the samples discussed here (see Fig S9 in
supplemental material, SM). No evidence of the expected
dispersion associated with 1T-NbSe, was found, suggesting
that the chemical variability in these samples is not associated
with the 1T phase of NbSe,[23,39]. The stoichiometry of the
films in this work was determined to be Nb-rich when
compared to our CVT reference sample with stoichiometries
of samples S1 and S5 approximating NbSej.93 (Nb1.04Se>) and
NbSei 01 (Nby0s5Se2), respectively. This value was calculated
using the total measured Nb 3d and Se 3d areas from XPS
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Fig. 1. (a) Nb 3d and (b) Se 3d core levels of NbSe; in
samples S1-S4 (grown on 285 nm thick SiO»/highly p-
doped Si), S5 (grown on chemically grown SiO»/intrinsic
Si substrate) and a CVT grown reference sample. Spectra
are normalized to the maximum Nb 34 intensity for each
sample.



analysis and assuming a 2:1 Se to Nb stoichiometry for our
CVT reference sample. X-ray diffraction of thicker MBE
NbSe, samples grown under similar conditions suggest an
expansion of the c-axis lattice parameter in our MBE grown
films to 13.21 A, ~5% increase when compared to our bulk
CVT grown 2H-NbSe; crystal. The expanded lattice constant
along the c-axis supports the theory of Nb-intercalation
suggested by the stoichiometry calculations [40]. However,
the nature of the chemical variability associated with these
samples is not fully understood at this time and requires
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further investigation. Full analysis of the XPS and APRES of
these samples will be the focus of a future publication.

Figure 2a is a typical surface morphology for the NbSe>
surface of S5 and is observed across the entire sample. It
shows a relatively large corrugation and the islands are
frequently fused, growing into one another rather than in a
wedding cake type structure [41] often observed for TMDs.
The island size is highly variable and is between 30 nm and
90 nm albeit the complex growth does not allow to properly
assess the size distribution. Additionally, there are undulations
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Fig. 2. Collection of representative topography images, which capture the layer structure, and growth mode of the NbSe»
on chemically grown SiO»/intrinsic Si sample. (a) Topography image with a size of 500 nm x 500 nm image, and (b) shows
a topography image covering 300 nm x 300 nm imaged with Viiss =-0.8 V and I;= 0.2 nA. The red circle indicates a screw
dislocation, and the blue lines mark line scans summarized in (c). The height of a single NbSe, layer (0.62 nm) is indicated
in profile 1 with black lines for guidance. The linescans are vertically offset for illustration. (d) is a topography image with
a size of 150 nm x 150 nm, which also includes a screw dislocation at the center of the image.
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Fig. 3. (a) Band structure and (b) room temperature Seebeck coefficient versus the chemical potential for 4L-NbSe,

calculated with DFT.

imprinted across all the layers, manifesting as brighter and
darker patches within all islands independent of layer or size.
The origin of these undulations is most likely related to
inhomogeneities at the NbSe, — SiO; interface either in
electronic structure or topography. The red circle in Fig. 2b
highlights a screw dislocation [42], which is a feature found
frequently across the entire sample surface. Figure 2d includes
at the center of the image also a screw dislocation which
involves several islands. Screw dislocations have been
reported previously for MoS, [42] and are caused by the
specific initial orientation of merging islands with competing
growth fronts and located on different sides of a terraces step.

The blue lines in Fig. 2b mark the position of line scans as
profiles of apparent height on the surface summarized in
Fig. 2c. Profiles 1 and 2 are measured across the deepest
depressions seen in the images to assess the number of layers.
The depressions in profiles 1 and 2 capture the lowest-lying
features in the images and are about 2.0 nm, which is
commensurate with a stack of four NbSe» layers if the bottom
of the profile is assumed to be the first layer, whereas a single
layer of NbSe; has a height of 0.63 nm [43]. The islands with
the largest apparent height, such as the one included on the
right-hand edge of profile 3, might be the onset of the fifth
layer. XPS and growth data support this assignment.
Additional topography images of NbSe» are included in the
SM, and visualize the contribution of the exposed first layer,
which is about 10 % of the surface area. Profile 4 shows an
apparent height of about 0.8 nm commensurate with a single
layer step. The corrugation of the layer surface and incomplete
closure of the lower layers pose a significant challenge in the
fabrication of few- or single-layer devices.

3.2 Electronic structure

We used density functional theory (DFT) to study the band
structure of NbSe;. The band structures of bulk and monolayer

2H-NbSe; have been discussed extensively in the literature
[15,44,45]. The band structure of these two cases and their
corresponding Seebeck coefficients are shown in the
supplemental material. As shown in Fig. S5, both bulk and
monolayer 2H-NbSe; are metallic with Fermi levels inside the
band and a small Seebeck coefficient. As expected, in the case
of a monolayer, the sample is overall less metallic as a result
of the shift in the band levels. It is then anticipated that
regardless of the number of layers, 2H-NbSe, preserves its
metallic behavior.

Figure 3 shows the obtained band structure and the
corresponding Seebeck coefficient for 4L-NbSe,. The number
of layers is set to four to represent the MBE grown samples
accurately. The 4L-NbSe, remains metallic and the Fermi
level (zero of the energy scale) is deep inside the band. Due to
the metallic nature of the sample, the absolute Seebeck values
are expected to be small. As shown in Fig. 3, our DFT
calculations predict absolute values of less than 60 pV/K for
chemical potentials smaller than 0.25 eV (relative to the
intrinsic Fermi level) and less than 20 uV/K for intrinsic
samples. The exact position of the chemical potential in our
MBE-grown samples is not known, since the samples are Nb
rich as discussed previously. The intercalation of the Nb atoms
in between the layers [46] can result in a change in the
chemical potential level and consequently a change in the
Seebeck coefficient. Comparing the obtained results from
DFT with measured room temperature Seebeck coefficient,
we conclude that the chemical potential at room temperature
is slightly less than 0.1 eV below the intrinsic Fermi level. We
note that the measured Seebeck coefficients for both the CVT
sample and MBE grown layers are negative at this
temperature.

In the DFT calculations and within the reported Fermi
window, the chemical potential stays within the same band.
Although the chemical potential does not move to a different



band, the measured Seebeck changes sign, which is an
indication that the slope of the density of states with respect to
energy changes sign within the reported window. Since the
samples are metallic, we can assume that the number of free
carriers do not change with temperature. Our calculation
shows that the carrier concentration of these samples
is 4.3x10?! cm™. Fixing the carrier concentration, we can
calculate the Seebeck coefficient of the samples with respect
to temperature. The calculated Seebeck coefficient values are
shown in Fig.4 and are in close agreement with the
experimentally measured values. The slight differences could
be associated with the constant relaxation approximation used
in these calculations and slight changes in the carrier
concentrations which were not included. Overall, the DFT
results agree with the experiments, in terms of the values and
the trend with respect to temperature.
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The metallic nature of the samples is further confirmed
using STM and measurements of the dI/dV, which is an
indirect measure of the local density of states (LDOS). As
shown in SM, dI/dV values are finite at various locations
around the Fermi level. However, the lower islands (closer to
the substrate) of the sample have smaller LDOS values
compared to higher islands (closer to the top surface) and
appear less metallic which is consistent with layer-dependent
modifications of the LDOS.

Finally, the resistance of these samples cannot be obtained
using constant relaxation time approximation. The relaxation
times change significantly with temperature and while these
changes do not affect the Seebeck coefficient, the resistance is
inversely proportional to the mobility and is heavily
influenced by the changes in the temperature. The major
electron scattering for metals is due to acustic phonons. The
elecron-phonon scattering rate in this case increases linearly
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Fig. 4. Temperature-dependent electrical resistance and conductivity measurements, as well as Seebeck coefficient.
(a) Normalized resistance of samples S1 and the CVT bulk reference sample, (b) electrical conductivity of S1 and the CVT
sample, and (c) Seebeck coefficient of S1 (after one-week exposure to air) and S5, compared with the CVT sample,
theoretical calculations and literature data [48—53]. Note that oxides were detected in the nanosheet samples and they were
showing insulating behavior and a positive room temperature Seebeck coefficient [49,52].



with temperature, and can be modeled as S,_,, « g(E) [47],
where g(E) is the density of states at energy E. Using this
assumption and our privous assumption of constant carrier
concentration with respect to the temperature, we can
calculate the changes in the normalized resistance with respect
to temperature. The results are shown in Fig. 4a and are in
close agreement with experiment. In the next two sections, we
discuss the experimental results in more details.

3.3 Normalized electrical resistance and electrical
conductivity

The temperature dependence of the normalized four-point
resistance, R(7)/R(300 K), is shown in Fig. 4a for device S1
and the CVT single crystal reference sample. S1 was
fabricated from NbSe, film grown on 285 nm thick
SiO/highly p-doped Si substrate, using photolithography and
e-beam evaporation for electrodes. It had a thickness of 2.93
nm, corresponding to 4 layers estimated from XPS data. This
device was measured inside a home-built JANIS cryostat
system. The Se capping layer used to protect the samples in
the atmosphere was removed at 500 K under vacuum
(~10°® Torr), prior to measurements. Detailed measurement
configurations, raw data, and more devices (S2 and S3) can be
found in Methods and SM.

Theoretical calculations for 4L-NbSe,, literature data for
bulk [48] and few-layer NbSe, samples [49-53] are plotted
alongside data from this work for comparison in Fig. 4. The
thin film sample S1 was measured from 150 K to 500 K, while
the single crystal bulk sample was measured from 50 K to
400 K. The samples are purely metallic, and their resistances
are an increasing function of temperature. Their rates of
change with respect to temperature match well with theory and
those from the literature (except the heavily oxidized
nanosheet samples made by chemical exfoliation).

Fig. 4b shows the temperature-dependent electrical
conductivity. At room temperature, S1 has a conductivity of
around 1.68x103 S/m, which is slightly smaller than that of the
thicker exfoliated flake [50]. In comparison, the CVT single
crystal sample has an electrical conductivity that is about half
of that value.

The electrical properties of NbSe, are highly sensitive to
the growth method, to the device fabrication protocols and to
the ambient conditions. As illustrated in the case of the 7-9 nm
thick exfoliated flakes [53], even when they were fabricated
following the same procedures, their room temperature
conductivity varied from 8.2x10* to 1.8x10°S/m. The
electrical conductivities of SI and the CVT sample are within
the range of the reported values. In order to better understand
the samples, we performed Hall measurements on the CVT
bulk sample. Its Hall carrier concentration was measured to be
around 4.1x10%! cm™ at room temperature, which is very close
to the theoretically estimated value of the 4L sample. The
exfoliated flakes reported in literatures [50,53] were made

from high quality single crystals and thus we assume they had
a high structural quality similar to the CVT sample and a
similar carrier concentration. The main difference between the
samples is most likely their mobility. Bulk and few layer
NbSe; are reported to have room temperature mobility in the
range of 0.5 — 3 cm?/V-s [54,55] and there is no clear thickness
dependence. The Hall mobility of the CVT sample was
calculated as 1.7 cm?V-s, within this reported range. The
8.8 nm thick flake [50] is expected to have a high mobility of
close to 3 cm?V-s based on its high electrical conductivity.
Although S1 is comprised of many islands, it shows higher
mobility than the CVT single crystal. The carrier mean free
path in 4L NbSe; was estimated to be about 20 nm at 50 K
limited by the thickness [56], and should drop significantly at
higher temperatures due to electron-phonon scattering. In
comparison, the islands of S1 are between 30 and 90 nm in
size. Their impact on carrier mobility is minimal and the
mobility of S1 remains high.

3.4 Seebeck coefficient

The temperature dependent Seebeck coefficient for device
S5 and room temperature value for S1 (which was exposed to
air for one week after electrical conductivity measurements)
are presented in Fig. 4¢c, together with the CVT reference.
Device S5 was fabricated from NbSe, grown on a few-nm-
thick chemically grown SiO»/intrinsic Si substrate and gold-
copper electrodes were attached to the sides of the sample for
measurements inside a commercial VERSALAB system. Its
Se capping layer was removed at 400 K under vacuum before
measurements.

The Seebeck coefficient of S5 starts from around —12 pV/K
at room temperature, gradually increases as the temperature
goes down, eventually crosses over to a positive value around
120 K, and continues to increase to about +3 pV/K at 50 K.
The values and the overall trend agree well with the CVT bulk
sample, as well as reference data for 2H bulk and exfoliated
thin flake samples [48,50]. For single-crystal samples,
whether as a bulk crystal or as a few-nm thick exfoliate flake,
the negative-to-positive crossover temperature is around
50 K [48,50]. However, this temperature increases to about
120 K for the polycrystalline thin film S5 and about 150 K for
the referenced polycrystalline bulk sample [48]. The grain
sizes and boundaries might have some effect on this crossover
temperature, which could be of value for further investigation.

The theoretical Seebeck coefficient of 4L-NbSe; follows a
similar trend and approaches zero as the temperature goes to
50 K. The behavior matches the single crystal data well, since
a perfect crystal has been assumed in the calculations. This
provides further evidence to our speculation that grain
boundaries can modulate the Seebeck cross-over temperature.
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It is interesting to note that a positive room temperature
value of around +15 pV/K was obtained for S1 after being
exposed to air (kept in a desiccator after Se cap removal) for
roughly a week, while the S5 sample, which was not exposed,
has a negative Seebeck coefficient at room temperature. The
observed positive Seebeck coefficient matches the reported
values for NbSe, nanosheet samples [49,52], in which the
existence of oxide Nb,Os has been confirmed by XPS
measurements. Although the exact oxide content of S1 at the
time of the measurement was not known, its resistance was
orders of magnitude higher than before and other samples (S2
and S3 in SM) measured in the same week showed insulating
behavior. The temperature-dependent normalized resistance
of S3 matches that of the oxidized nanosheet [49] above room
temperature. Oxidation seems to be a major factor leading to
these positive values.

3.5 Thermal conductivity

The thermal conductivity of device S4 (fabricated in the
same batch as S1) was measured using heat diffusion imaging
method [28] at low temperatures. Heat diffusion imaging is an
electrical-pump optical-probe method based on the
thermoreflectance technique. In-plane thermal conductivity of
a supported thin film is extracted by fitting the temperature
decay in the longitudinal direction to an exponential function
according to the heat spreader model. The detailed data
analysis is included in SM.

As shown in Fig. 5, the thermal conductivity rises to a
maximum of about (53 +11) W/m'K as the temperature
increases from 50 K to 120 K, then gradually decreases and
almost reaches a plateau of (32+ 10) Wm'K as the
temperature gets closer to room temperature at 200 K.
Although the sample was metallic, Wiedemann-Franz law
estimated the electronic thermal conductivity to be about
1.5 W/mK at 200 K, comprising less than 5% of the total
value. The thermal transport was dominated by phonons.
More phonon-phonon scattering is expected with increasing
temperature and therefore leads to shorter temperature decay
length. Our measurement at higher temperatures was limited
by optical resolution. This increasing then decreasing trend in
thermal conductivity with respect to increasing temperature
resembles that in a previous report on bulk NbSe;[57],
although the maxima occur at different temperatures and the
overall thermal conductivity is surprisingly larger than the
bulk equivalent. The largest thermal conductivity is reached at
120 K for the 4L Nb+xSe;. In another few-layer TMD, 4L-
MoS,, the largest thermal conductivity also occurs at around
120K, where the behavior below 120 K is attributed to
phonon-boundary scattering and that above 120 K is attributed
to phonon-phonon scattering [58]. To the best of our
knowledge, this is the first in-plane thermal conductivity
measurement of few-layer NbSe, samples in this temperature
range. However, a room temperature value of (15 + 4) W/m-K
for exfoliated 2H-NbSe; flakes (about 20 nm to 25 nm thick)



using the Raman method was reported in a recent master’s
thesis [59].

3.6 Power factor, PF, and thermoelectric figure of
merit, zT

A discussion on the two parameters used to characterize a
material’s thermoelectric performance, PF (6S%) and zT
(0S*T/k), is called for since the temperature-dependent
measurements of their constituents, ie., electrical
conductivity o, Seebeck coefficient S and thermal conductivity
k, have been performed. Although a thermal conductivity
value could not be obtained at room temperature, PF' and zT'
values of the few-layer samples are expected to be small due
to the small Seebeck value (about —12.3 uV/K). The room
temperature PF is slightly smaller than that of the oxidized
NbSe; nanosheets reported by Oh et al. [49]; but is 3 times as
high as that from Park et al. [52] and 4 times that of the CVT
reference sample. If we take the thermal conductivity value at
200 K as the room temperature value, z7 is estimated to be on
the order of 10™*. As temperature decreases, although the
electrical conductivity gets higher, the absolute Seebeck
coefficient becomes too close to zero to yield better PF or zT.

4. Conclusion

In summary, we have demonstrated the growth of few-layer
NbSe, by MBE on SiO,. Using In-situ XPS we showed these
thin films are Nb-rich Nbi+xSe>. The extra Nb atoms are
possibly intercalated between the layers resulting in a larger
separation of the layers. The STM has confirmed the metallic
nature of the samples, however, it also shows that the samples
were inhomogeneous and had lower LDOS closer to the
substrate. The metallic nature of the four layer sample was
also confirmed with DFT calculations. Theoretical Seebeck
coefficients as well as the normalized resistance were
calculated with respect to temperature, and agreed well with
experiments.

Several devices were fabricated from full-coverage NbSe»
thin films for measurements of their in-plane thermoelectric
properties across a wide temperature range. It was observed
that exposure to air and oxidization changed the Seebeck
coefficient from a small negative number to a positive number
with a larger absolute value. However, it resulted in a
significant drop in electrical conductivity. The Seebeck
coefficient of the few-layer NbSe, (prior to oxidization) had a
very similar trend as that of the single crystal CVT sample.
However, the transition temperature wherein the sign of the
Seebeck changes was different. Despite the Se deficiency and
the many islands which introduce extra scattering, the MBE-
grown samples show higher electrical and thermal
conductivity values compared to single-crystal 2H bulk
samples. While the larger electrical conductivity could be
attributed to larger carrier concentrations, it is difficult to
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explain the larger thermal conductivity and the latter should
be the subject of future investigations. These measurements
open up dialogues about the transport properties of few-layer
NbSe, and should be considered a step towards the
optimization of NbSe, for device applications.

Supplemental material

The following information is included in supplemental
material: device configuration for transport measurement, the
electrical conductivity of S2 and S3, details of thermal
conductivity analysis, scanning tunneling spectroscopy
analysis, and angle-resolved photoelectron spectroscopy of
MBE grown NbSe;.
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