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Two-dimensional (2D) van der Waals material is a focus of research for its widespread application in optoelectronics,
memories, and spintronics. The ternary compound Nb,SiTe, is a van der Waals semiconductor with excellent air stability
and small cleavage energy, which is suitable for preparing a few layers counterpart to explore novel properties. Here, prop-
erties of bulk Nb,SiTes with large in-plane electrical anisotropy are demonstrated. It is found that hole carriers dominate
at a temperature above 45 K with a carrier active energy of 31.3 meV. The carrier mobility measured at 100 K is about
213 cm?-V~!.s71 in bulk Nb,SiTeq, higher than the reported results. In a thin flake Nb,SiTey, the resistivity ratio between
the crystalline axes of a and b is reaching about 47.3 at 2.5 K, indicating that there exists a large anisotropic transport
behavior in their basal plane. These novel transport properties provide accurate information for modulating or utilizing

Nb,SiTe, for electronic device applications.

Keywords: carrier mobility, anisotropic transport, Raman spectroscopy

PACS: 72.80.Ga,72.20.Fr, 74.25.nd

1. Introduction

Two-dimensional (2D) van der Waals materials have trig-
gered great interests in recent decades for the fact that a few
atomic layers samples can be easily exfoliated from the bulk
materials, which own various thickness-dependent physical
properties!!#! and are constitutional units for 2D heterojunc-
tion devices.>”7 They have a widespread application in op-
toelectronics, memories, and so on.’3% In the past decades,
graphene has been widely studied due to its high carrier
mobility and other peculiar properties,!'%-13! but the gapless
band structure strongly limits its usability for conventional
logical transistors.[!®) Thereafter, searching 2D semiconduc-
tors with tunable bandgap is highly desired. Layered transi-
tion metal dichalcogenide (TMDC), such as MX, (M = Zr,
Hf, Mo, W; X =S, Se), is the representative compound of
the 2D van der Waals semiconductors with a bandgap about
0.2-1.6 eV and carrier mobility from 30 cm?-V~!s~! to
480 cm?-V~1.s7! depending on the supporting substrates and
gate voltages.!'8201 Besides TMDC, the latest researches on
ternary alloys with van der Waals layered structures have be-
come the new focuses, such as MnBi, Te4, ] which is the first
discovered intrinsic magnetic topological insulator, exhibiting
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quantized anomalous Hall effect in its film.[?1-23]

Similarly, studies on Nb,SiTes, a 2D van der Waals
semiconductor, have been reignited recently,**! although the
bulk material was firstly reported in 1993.11 It has been
reported that Nb,SiTes is a highly stable, narrow bandgap
(0.39 eV) and ferroelastic layered semiconductor29! with
high carrier mobility (about 100 cm?V~!.s™! at 100 K).
Thus, few-layer Nb,SiTes was prepared by mechanical ex-
foliation to study its properties, which was stable un-
der ambient conditions.**! The ambipolar carrier trans-
port was observed in Nb,SiTey with a gate modulation.>*]
Besides, Zhang et al. found that monolayer Nb,SiTey
processes reversible ferroelastic under strain.?®! Further-
more, theoretical calculations predicted that the electron
(hole) carrier mobilities of a-direction and b-direction are
1775(114) cm?-V~1.s7! and 1222(73) cm?-V~'-s~! from the

27281 respectively. All of these

Bardeen—Shockley formula,
indicate that Nb,SiTey4 is a potential 2D layered semiconduc-
tor with high carrier mobility and ambipolar carrier transport.
However, up to now, there is no report concerning experimen-
tal results of carrier transport along the crystalline axes in the

basal plane, which is important in constituting 2D devices.

“Project supported by the National Key Research and Development Program of China (Grant Nos. 2018YFE0202600, 2016YFA0300600, and
2017YFA0304700), by the National Natural Science Foundation of China (Grant Nos. 51922105, 51772322, and 11704401), and Beijing Natural Science

Foundation (Grant No. Z200005).

fCorresponding author. E-mail: jgguo@iphy.ac.cn
fCorresponding author. E-mail: lwguo@iphy.ac.cn

© 2021 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

087202-1


http://dx.doi.org/10.1088/1674-1056/ac068f
jgguo@iphy.ac.cn
mailto:lwguo@iphy.ac.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B  Vol. 30, No. 8 (2021) 087202

Furthermore, it is not clear that the ambipolar carriers exist
simultaneously or separately in the material, both of which are
important for exploring Nb,SiTes based 2D layered devices
and their 2D heterojunction devices.

In this work, studies on carrier transport properties of
semiconductor Nb;SiTey4 are reported. It is found that hole
carriers dominate in a thick flake of Nb,SiTe4 above 45 K. The
hole carrier active energy is deduced to be about 31.3 meV by
fitting the temperature-dependent carrier concentration curve.
Meanwhile, a large carrier transport anisotropy is found. That
is, the ratio between resistivities along the crystalline axes of a
and b measured on Nb,SiTey4 thin flake is about 47.3 at 2.5 K.
These special features in Nb,SiTes are extremely important
for constructing 2D devices. The detailed analysis and discus-
sion on these experimental results are presented below.

2. Experimental methods
2.1. Growth of Nb,SiTe, single crystals

Single crystal of layered Nb,SiTe4 was grown by solid re-
action method using Si and Te as a flux. All the raw materials
of Nb, Si, and Te are powder with purity 99.99%, which were
mixed uniformly in an atomic ratio of Nb:Si:Te = 1:2:8. Then
they were loaded into an Al,O3 crucible in the argon-filled
gloved box with low moisture and oxygen levels (< 0.1 ppm).
The crucible was placed in a quartz tube and the tube was
flame-sealed under a high vacuum. Next, the sealed quartz
tube was placed in a well furnace and heated to 1420 K in
10 h and kept for 5 h. Then the furnace was slowly cooled
down to 1020 K at a rate of 1 K/h. The flux was then removed
with a centrifuge process. When the ampoule was fully cooled
down to room temperature, it was broken to take the synthe-
sized single crystals out. A thin flake Nb;SiTes was easily
obtained through the mechanical exfoliation method, and the

detailed exfoliation process was described in the literature. [*°]

2.2. Characterization and electrical measurements

Powder x-ray diffraction (XRD) pattern of the prepared
Nb,SiTes samples was measured by a PANalytical X Pert
PRO diffractometer with a Cu Koo (A = 1.5408 A) radia-
tion. The chemical composition and microtopography of the
samples were analyzed by a scanning electron microscope
(SEM) equipped with energy dispersive spectrum (EDS).
The crystalline directions in the basal plane of a thin flake
were determined by an angle-resolved polarized Raman spec-
troscopy (ARPRS) to facilitate the measurement of crystalline
orientation-dependent carrier transport properties. The polar-
ized Raman spectra were probed by a HORIBA LabRAM HR
Evolution Raman spectrometer with a 532 nm laser in back
scattering geometry. The incident light was linearly polarized,
and a polarizer was used to change the polarization direction

of the scattered light. When the polarization directions of the
incident light and scattered light are parallel, it is called the
parallel polarized configuration, while they are perpendicu-
lar, it is called the cross polarized configuration. The thick-
ness of a thin flake sample was determined by atomic force
microscopy (AFM) (Bruker AFM Multimode 8). The car-
rier transport properties were measured in a physical property
measurement system (PPMS, Quantum Design). A standard
Hall bar pattern with Ti/Au electrodes was adopted for Hall
measurement on thick Nb,SiTe, single crystal samples. And
a standard four-terminal resistance measurement was used in
a thin flake of Nb,SiTe4 for crystalline orientation-dependent
transport property study. Here two groups of the electrodes on
the same sample are respectively along the crystalline axes of
a and b. The electrodes in thickness of 10 nm (Ti)/90 nm (Au)
were deposited by electronic beam deposition (EBD). Here,
the electrode pattern was transferred from a homemade Mo-
mask onto the top of a thick Nb,SiTe4 sample. While the elec-
trode pattern on a thin flake of Nb,SiTes was prepared with the
help of electron beam lithography (EBL). Metal Ti is selected
as an electrode material because its electron work function of
4.33 eV is close to that of Nb,SiTes about 4.36 eV.[**! This
ensures a good ohmic contact between Ti and the Nb,SiTey

24

sample,!”* supported by a perfect linear relationship of the

raw [-V curve, as shown in Fig. S1.

2.3. Phonon vibration mode calculations of Nb,SiTe, sin-

gle crystal

The phonon vibration modes of Nb,SiTes single crys-
tal were calculated with the computational procedure of
QUANTUMN-ESSPRESSO code!??! within the framework of
linear response theory. We employed the optimized norm-
conserving Vanderbilt (ONCV) pseudopotential *!l with local
density approximation (LDA) for exchange—correlation poten-
tials. The plane wave cutoff energy was set as 80 Ry and the
Monkhorst—Pack mesh of points 8 x 6 x 4 was used in the Bril-
louin zone integration. Atomic positions and lattice parame-
ters were relaxed until all the forces on the ions were less than
107> Ry/Bohr and the total energy changed less than 107> Ry
between two adjacent ionic steps.

3. Results and discussion

The obtained Nb,SiTe,4 single crystals with metallic lus-
ter and the average size of 2—4 mm in width and 10-200 pm
in thickness are shown in the inset of Fig. 1(a). From the re-
sults of EDS as shown in Fig. S2 and Table S2 of supporting
material, the atomic ratio of Nb:Si:Te is close to the nominal
stoichiometry. The XRD pattern of a Nb,SiTes single crystal
sample is shown in Fig. 1(a), which only consists of the (001)
diffraction peaks, suggesting that it is a [001] orientated sin-
gle crystal with a layer spacing 7.03 A (or crystal parameters

087202-2
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a, b, and c equal to 6.3 A, 7.9 A, and 14.72 A in monoclinic
lattice), which is close to the reported value.>*! The lamellar
shape of the as-grown Nb,SiTes crystals suggests that it is a
typical layered structure. Its crystal structure is schematically
drawn in Figs. 1(b) and 1(c) with side and top views, respec-
tively. While viewing along b-direction, Nb and Si are respec-
tively bonded with Te atoms and are sandwiched in the middle
of two Te atomic layers. Each crystalline unit cell contains

two such layers stacked along the c-direction.
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Fig. 1. XRD pattern of Nb,SiTe4 and its crystal structure. (a) XRD pat-
tern of Nb, SiTe, single crystal. Inset is an optical photo of an as-grown
Nb,SiTe4 single crystal. (b) Side view of Nb,SiTes crystal structure
along the b-direction. The unit cell is schematically shown as the dashed
gray line, where Nb, Si, and Te atoms are shown as blue, gray, and red
spheres, respectively. The interlayer distance is 7.03 A determined by
the XRD data. (c) Top view of Nb,SiTe4 crystal structure.

The temperature-dependent transport properties were
measured from 1.5 K to 300 K as shown in Fig. 2. Figure 2(a)
shows the temperature dependence of electrical resistivity P,
of samples 1 and 2 without magnetic field. The thicknesses
of samples 1 and 2 are 40 pm and 130 pm, respectively. It is
noted that their electrical transport behaviors are similar, but
their absolute values are different, which may be ascribed to
large anisotropic transport behavior in the basal plane as ana-
lyzed below. The resistivity rapidly decreases with tempera-
ture increasing, suggesting semiconducting behavior over the
full temperature range. Furthermore, the carrier concentration

and mobility of samples 1 and 2 were also studied through
the Hall measurement. Here the results from sample 1 are
shown in Figs. 2(b)-2(d) and those from sample 2 are shown
in Fig. S3. In Fig. 2(b), it is found that the slopes of the Hall
resistivity p,, are positive and monotonically increased with
temperature decreasing at the temperature above 55 K, which
indicates the majority of carriers are holes. Below 55 K, the
slope of Hall resistivity shows decreasing and even changing
sign from obvious positive to weakly negative below 10 K,
hinting the electrons contribution might appear. This spec-
ulation needs further experimental studies in the future. In
the following, quantitative analyses on the carrier concentra-
tion and mobilities are based on the experimental data above
55 K. The carrier concentration and mobility are deduced from
n=dB/dpy,/e and u = 1/(nepx,), where e denotes the ele-
mentary charge and B the applied magnetic field. Figure 2(c)
depicts the temperature dependence of carrier concentration n
and carrier mobility u labeled with hollow circle and triangle
symbols, respectively. It is seen that the hole carrier concentra-
tion shows a monotonous decrease from 300 K to 55 K. This
carrier concentration variation with temperature is fitted based
= Nyexp(—En/ksT),
where Ny, Ey, and kg are the acceptor density, hole activa-

on a single energy level model, n(T)

tion energy, and Boltzmann constant, respectively. It is de-
duced that the hole activation energy Ej, is about 31.3 meV
—3. The phe-
nomena observed in Fig. 2(b) suggest that the activated donors

and the acceptor density is about 6.13 x 10'7 cm

at low temperature should have smaller active energy and den-
sity compared with that of acceptors, so that net hole carriers
are observed at temperature above 55 K. It is speculated that
the intrinsic defects in Te atoms might be responsible for the
carrier doping because there is around 10% Te deficiency as
seen in Table S2 of supporting material. Besides, the carrier
mobility first increases from 300 K to 100 K and then de-
creases with cooling. The maximal value in carrier mobility
is 213 cm?-V~!
shown in Fig. S3 of supporting material. The carrier mobility

1 at 100 K, similar to that of sample 2 as

value is far higher than the theoretical prediction/?”! and the
reported experimental results. [>4]

To study the electrical anisotropy of Nb,SiTes, a thin
flake Nb,SiTe4 was exfoliated, whose thickness is 16.8 nm
measured by AFM as shown in Fig. S4, to study depen-
dence of its Raman signal intensity on crystalline direc-
tions and to identify the crystalline axes. Its crystalline
axis directions in the basal plane were determined by the
ARPRS, because its Raman signal intensity is strongly de-
pendent on the crystalline orientations.?) The space group
of Nb,SiTes is P2;/c (No.

point group is Cy,(2/m), whose Raman activity modes are

14) and the corresponding

21A4+ 21B,.13 Figure 3 shows the polarized Raman spec-
trum of the 16.8 nm thin flake under the parallel polarized
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configuration.* The incident light is polarized in e; direc-
tion, e; = (cos (0 + ¢),sin(0 + ¢),0), where 0 is the an-
gle between the incident light polarization direction and user-
defined x-axis [see Fig. 3(a)] and ¢ is the angle between the -
axis and a-direction. Figure 3(b) shows the measured Raman
spectrum under a parallel polarized configuration. Based on
the Raman tensor of space group P2 /c, the density functional
theory (DFT) calculation gives all the Raman active modes,
whose Raman peak positions are shown in Fig. 3(b) marked
with the short bars. It is noted that five relatively strong Raman
modes are observed in the Raman spectrum, which are corre-
sponding to the Raman shifts at 94.79 cm~!, 121.41 cm™!,
133.91 cm™!, 160.90 cm™!, and 204.78 cm™!, respectively.
These Raman peaks show two- or four-fold symmetry when
the sample is rotated in the measurement processes shown
in Fig. S5.1 of supporting material. For example, the angu-

105
(a) a sample 1
104F o sample 2
’é\ 103k
k4
S 10%f
g
< 10'F
100 -
10-1
0 100 200 300
T (K)
(c) 3:0 300
—o—n
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\% 1.0p 1100 é
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s 150 =
0 L
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—0.5
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lar dependence of the Ay modes located at 121.41 cm~! and
160.90 cm~! in parallel polarized configuration exhibits two-
fold symmetry, see Figs. 4(a) and 4(b), respectively. The other
typical Raman modes located at 94.79 cm™! and 204.78 cm ™!
are also clearly observed on ARPRS as shown in Fig. S5.2.
Besides, the similar two-dimensional contour plots of angular
dependence Raman spectra collected from the same sample in
a cross polarized configuration were also measured and shown
in Fig. S5.3 of supporting material.

Here we choose the typical modes for quantitative analy-
sis. The intensity of the Raman signal is expressed as

Io<|ei-R-es|2,

where eg is the unit polarization vector of the scattered light
and R the Raman tensor. For space group P2;/c, the Raman
tensors for A, and By modes are[*3]

5
() 5ol— 55 K — 100 K
— 45 K 150 K
— 35 K — 200 K 14
~ 10 300 K N
: fs 2
S o S
g 12 2
Q_lo QU
—25 K 1y
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(d) _
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Fig. 2. Temperature dependence of transport properties. (a) Bulk longitudinal resistivity p,, under O T. (b) Hall resistivity pyy. (c) Carrier
concentration n and mobility . (d) A fitting to carrier density as a function of reciprocal temperature.
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Fig. 3. Polarized Raman spectrum from a thin flake of Nb,SiTes. (a) Optical image of a thin flake Nb,SiTe,4 device with schematic coordinate
system and the rotation angle definition. (b) Polarized Raman spectrum with a parallel polarized configuration. The short bars are the calculated

Raman peak positions.
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Fig. 4. Two typical Raman modes in the parallel polarized configuration. (a) and (b) Polar diagrams of the peak intensities for the Ag modes at
121.41 cm~! and 160.90 cm ™!, respectively. (c) and (d) Schematic diagrams of Ag mode at 121.41 cm™! in front and side views, respectively.
(e) and (f) Schematic diagrams of Ay mode at 160.90 cm~! in front and side views, respectively.

a d 0 0 0 e
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0 0 ¢ e f O

where a, b, ¢, d, e, and f are the Raman tensor ele-
ments. In the parallel polarized configuration, the ey =
(cos (0 + ¢),sin(0+ ¢),0), where 6 and ¢ are defined
above. The intensities of the A, and B, modes are given as

I/H\g o [acos® (8 + @) + bsin® (6 + @) +d'sin® (0 + (p)]2,
Iy, =0.

From the second equation above, we can find that all the B,
modes would not be observed in polarized Raman spectrum
with parallel polarized configuration. Therefore, the A; modes
were observed. Figures 4(a) and 4(b) plot the angular depen-
dence of A, phonon modes at 121.41 cm™! and 160.90 cm™!,
while the other A, modes are shown in Fig. S5.3 of support-
ing material. We can fit the data in Figs. 4(a) and 4(b) us-
ing Illlg =K [acos? (6 + @) + bsin® (0 + @) +dsin® (6 + ¢)] 2
and identify the largest intensity which is in close to 50° rel-
ative to the x-axis. The atomic vibration modes for the A,
modes of 121.41 cm™! and 160.90 cm™! are schematically
shown in Figs. 4(c)—4(f) in front and side views. A similar
analysis of Raman peak intensities in the cross polarized con-
figuration is shown in Fig. S5.3 of supporting material. For the
Ag mode of 160.90 cm~ !, the atomic displacement has com-
ponents in a- and c-direction, indicating the largest intensity
component in the basal plane is along the a-direction.

Based on the results from ARPRS and experience of iden-
tifying crystalline axes in the basal plane, a fresh thin flake
Nb,SiTe4 sample was prepared and its crystalline axes in the
basal plane were identified by recording intensities distribu-
tion of the Raman peak located at 160.90 cm~' as given in
Fig. S5.4(a) of supporting material. It was determined that the
a-direction is proximity to —10° off the defined x-axis, and the
b-direction is rotated to — 100° relative to the x-axis, as marked
in Fig. 5(a). Here, the counterclockwise direction is defined
as the positive direction. According to the known directions,
two groups of four-terminal electrodes along its crystalline
axes of a and b were fabricated on the thin flake Nb,SiTey
sample as shown in Fig. 5(a), using a standard device proce-
dure as stated in Section 2. The four-terminal resistance mea-
surement is a reliable method to eliminate the effect of con-
tact resistance on transport properties, especially on studying
anisotropic transport properties. The resistivities along the a-
and b-direction were measured from 2.5 K to 300 K as shown
in Fig. 5(b). It is found that the resistivity variation with tem-
perature is similar to that observed in the thick Nb;SiTe4 sam-
ple as shown in Fig. 2(a). However, the resistivity measured
along the a-direction is larger than that along the b-direction
over the whole test temperature range. In detail, the variation
of the ratio p? /p’_ with the temperature is given in Fig. 5(c).
It is found that the ratio is steeply decreasing from about 47.3

to 5 with temperature increasing from 2.5 K to about 25 K,
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then gradually decreases from 5 to 1.7 at 300 K as shown in
Fig. 5(c). Such large transport anisotropy is consistent with
the latest theoretical calculation,?”] where the hole effective
mass along a-direction is more than 10 times larger than that
of b-direction. The steep variation on the resistivity ratio be-
low 25 K needs further experimental studies in the future as

stated above. This large anisotropy in resistivities along a- and
b-directions may be the origin of the difference in resistivities
of the thick Nb,SiTe4 single crystal as shown in Fig. 2(a). We
speculate that the electrode arrangement in sample 2 is proxi-
mately towards the a-direction, and hence the obtained resis-
tivity at 3 K is 10 times larger than that of sample 1.

2f 100
(a) (b) 10 o a-direction ()
O b-direction i
= 1L
: 10 2
c ~ 10}
. 109 <8
& Q
10-1¢
1 1 1 1 1 1 1 1 1 1 1 1 1 1 1
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Fig. 5. Four-terminal resistivity measurement on a thin flake Nb,SiTes sample in the basal plane. (a) A device photo with a four-terminal
electrode configuration. Scale bar: 20 pm. (b) Temperature dependence of resistivities along both a-direction (square) and b-direction (circle),

respectively. (c) Temperature dependence of resistivity ratio of p2 /p?..

4. Conclusion

To sum up, the electrical transport properties of layered
Nb,SiTe, are investigated and analyzed. It shows interesting
semiconducting behaviors with large transport anisotropy in a
wide temperature range. At temperature higher than 45 K, a
hole carrier behavior is revealed with maximum carrier mo-
bility 213 cm?-V~!1.s~! at 100 K, far higher than other re-
ported experimental result and theoretical prediction. The car-
rier concentration is exponentially increased with temperature
with a carrier active energy of 31.3 meV. Using the polar-
ized Raman spectra, the crystallographic orientation of a thin
flake Nb,SiTe, is determined. Therefore, we can directly mea-
sure the resistivities ratio along the crystallographic a- and b-
direction. The ratio is rapidly increased with temperature de-
creasing and reaches up to about 47.3 at 2.5 K. All of these are
helpful to understand the interesting property of Nb,SiTe4 and
provide valuable information for constructing Nb,SiTe4 based
devices.
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