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ABSTRACT: Quantum Hall effect (QHE) is a macroscopic ™ =

manifestation of quantized states that only occurs in confined two-
dimensional electron gas (2DEG) systems. Experimentally, QHE is
hosted in high-mobility 2DEG with large external magnetic field at
low temperature. Two-dimensional van der Waals materials, such
as graphene and black phosphorus, are considered interesting
material systems to study quantum transport because they could :
unveil unique host material properties due to the easy accessibility sm)
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of monolayer or few-layer thin films at the 2D quantum limit. For

the first time, we report direct observation of QHE in a novel low-dimensional material system, tellurene. High-quality 2D
tellurene thin films were acquired from recently reported hydrothermal method with high hole mobility of nearly 3000 cm?/(V
s) at low temperatures, which allows the observation of well-developed Shubnikov—de Haas (SdH) oscillations and QHE. A
four-fold degeneracy of Landau levels in SdH oscillations and QHE was revealed. Quantum oscillations were investigated under
different gate biases, tilted magnetic fields, and various temperatures, and the results manifest the inherent information on the
electronic structure of Te. Anomalies in both temperature-dependent oscillation amplitudes and transport characteristics were
observed that are ascribed to the interplay between the Zeeman effect and spin—orbit coupling, as depicted by the density

functional theory calculations.
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wo-dimensional electron gas (2DEG) is an important

subject in condensed-matter physics for being a host to
many exotic and conceptual physical phenomena. Quantum
Hall effect (QHE), which refers to the effect of the transverse
resistance being quantized into integer fractions of quantity h/
¢* in Hall measurement, is such a phenomenon that can only
be observed in high-mobility 2DEGs. Traditionally, the
confinement of electron motions within a 2D plane is realized
by quantum wells formed in the inversion channel of silicon
metal-oxide-semiconductor field-effect transistors (MOS-
FETs)"' or AlGaAs/GaAs heterojunctions.” In the past decade,
the emergence of 2D materials has offered an alternative
approach to achieving high-mobility 2DEGs in atomically thin
layers. 2D materials are formed by an assembly of atomic layers
bonded by weak van der Waals forces. The crystal structure of
2D materials yields a dangling-bond-free surface; consequently,
the 2D material systems are less susceptible to mobility
degradation than bulk materials, with thickness shrinking down
to a few nanometers. QHE has been observed only in a few
high-mobility 2D material systems such as graphene,”™> InSe,’
and encapsulated few-layer phosphorene,”” among thousands
of predicted 2D materials.'’ Shubnikov—de Haas (SdH)
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oscillations were observed in several other 2D materials such
as WSe,,' "' MoS,,"*™"* ZrTe,,'"’ and Bi,0,Se.”° For the
first time, we report pronounced SdH oscillations and QHE in
a novel 2D material: high-mobility air-stable few-layer Te films,
coined as tellurene.

Tellurium (Te) is a group-VI narrow-bandgap p-type
semiconductor with unique 1D van der Waals crystal structure.
The atoms are covalently bonded into skew-symmetric helical
chains, and the neighboring chains are bonded by van der
Waals forces in the other two dimensions to form a trigonal
crystal structure.”' ~>* With proper crystal growth techniques,
tellurium can also be arranged in a plane to form 2D
morphology with bond-free surfaces (see Figure 1a). Bulk Te
has a direct bandgap of ~0.35 eV** at the corner of Brillouin
zone H (and H') point, as shown in Figure 1b. The broken
spatial inversion symmetry of the Te lattice structure gives rise
to strong Rashba-like spin—orbit interaction;** therefore, a
camelback-like electronic structure at the edge of the valence
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Figure 1. Shubnikov—de Haas oscillations and quantum Hall effect in 2D tellurene films. (a) Crystal structure of 1D van der Waals material
tellurium. The collection of helical atom chains can be arranged into 2D films termed as tellurene. (b) Left: Brillouin zone of Te in momentum
space. Right: Zoom-in features at H point of Brillouin zone where the valence band maxima reside. (c) Optical image of Hall-bar devices along two
different crystal orientations fabricated from the same flake. Inset: As-grown flakes are usually in rectangular or trapezoidal shapes, where the 1D
direction (c axis) is along the longer edge of the flake. The scale bar is 50 ym. (d) QHE and SdH oscillations measured from a 10 nm thick flake.

band***>*® was predicted by the density functional theory
(DFT) calculations (right side of Figure 1b, the DFT
computational details and complete band structure are
presented in Supporting Notes 1 and 2). Weyl nodes were
also theoretically predicted”* and experimentally observed
deeply embedded in the valence band of Te.”” The earliest
study on surface quantum states in bulk Te dates back to the
early 1970s by von Klitzing et al,”* *° who later discovered
QHE in silicon MOSFETs in 1980." However, to our best
knowledge, the evidence of QHE in Te is so far still missing,
and even the reported quantum oscillations were so weak that
they could only be seen in the second derivative d’R,,/
dB%*** Because Te has superior mobility compared with
silicon, it is intriguing why quantum phenomena are so weak in
Te. We postulate that this is due to the weak quantization of
Te surface states in the wide triangular potential well. The
characteristic width of the surface potential well 4 is
proportional to /€, where €, is the permittivity of the

semiconductor. The large permittivity of tellurium (~30)
induces only a relatively small electrical field and wide
potential well in tellurium surface. Therefore, the carriers are
not tightly restrained near the surface to meet the rigid criteria
of 2D confinement. In this work, we adopted a different
strategy to impose stronger quantum confinement by employ-
ing 2D Te films. In general, the most widely used methods to
acquire 2D thin films from van der Waals materials are
mechanical exfoliation and chemical vapor deposition (CVD).
Significant efforts have also been made to grow tellurium
nanostructures; however, these methods yield either quasi-1D
morphology® 7 or small 2D flakes®’ that are unsuitable for
studying magneto-transport. It is also very difficult to study
transport properties of monolayer tellurene grown on
conducting graphene surface by molecular beam epitaxy’ >’
because it requires monolayer transfer and process.'’”*
Recently, a liquid-based growth method* was proposed to

obtain large-scale 2D tellurene films with lateral sizes over 50
um X 100 um and thicknesses ranging from tens of
nanometers down to few layers. These nanofilms were verified
with high-crystal quality by crystallographic and spectroscopic
techniques and offered a new route to explore the potential for
electronic device applications™ and magneto-transport stud-
ies.** To study quantum transport, flakes with thickness
around 8—10 nm are desired because (1) high crystal quality is
still preserved with hole mobility nearly 3000 cm*/(V s) at
liquid helium temperature and (2) the physical confinement in
the out-of-plane direction is strong enough to impose sufficient
2D confinement.

The liquid-solution-based Te flake synthesis method was
described in ref 42 (also see Supporting Note 3). As-grown
tellurene flakes were dispensed onto heavily doped p-type
silicon wafer with a 300 nm SiO, capping layer, which served
as a universal back gate to modulate the Fermi level of Te
samples. A standard six-terminal Hall-bar device was defined
by electron beam lithography, and metallization was carried
out by an electron beam evaporator. The hydrothermal growth
method usually yields rectangular or trapezoidal flakes (see
inset of Figure 1c) where the helical axis of the crystal is
aligned with the long edge of the flakes, which facilitates our
fabrication and measurement. This property was confirmed by
detailed physical characterization such as transmission electron
microscopy (TEM) and angle-resolved Raman spectrosco-
py.** To verify the anisotropic transport, we used a dry
etching technique to trim the flakes into two identical
rectangles but in different crystal orientations, one along the
atomic chain direction (c axis) and the other one along the van
der Waals force direction (a axis), and fabricated Hall bar
structures accordingly (for device fabrication process and
characterization, see Supporting Note 4). High work function
metal palladium (Pd) was used to accommodate the hole
transport. From four terminal measurements, we found that

DOI: 10.1021/acs.nanolett.8002368
Nano Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b02368/suppl_file/nl8b02368_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b02368/suppl_file/nl8b02368_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.8b02368/suppl_file/nl8b02368_si_001.pdf
http://dx.doi.org/10.1021/acs.nanolett.8b02368

Nano Letters

SCHTY)

AR

0.06 0.08 0.10 0.12
1/B (T)

o
N
o

R

Frequency (T)
3
o~

~
[}
—0—

-40 -50 -60 -70 -80 -90
Gate Voltage (V)

(b)

Filling Factor v

1 1 1 1 3
0.00 0.03 0.06 0.09 0.12 0.15

1B (T
10 T T . T T

(d)

N @ Oscillation Density
9F \'A" ¥ Hall Density b
~ I— — Capacitance Model
C i del
S 8| ° > > 4
: AR
o 2 °
o 7t S o p
=4
k3 RN °
S 6l ¥ i
P4 N
~
~
5} xS

4 1 1 1 1 1
-90 -80 -70 60 -50 -40 -30

Gate Voltage (V)

Figure 2. Gate dependence of Shubnikov—de Haas oscillations versus 1/B. (a) Oscillation amplitude under different gate biases. Oscillations were
resolved only when the negative gate bias was large enough. The amplitudes were extracted by subtracting a smooth background from R,,. (b)
Landau fan diagram under different gate bias. Each data point represents the value of 1/B, where the vth minimum of R, occurs. All of the lines

have an intercept near zero, indicating the standard phase of oscillations.

(c) Oscillation frequencies as a function of gate bias. The frequencies were

extracted from the slope in panel b, and the error bars come from the linear fitting. (d) Comparison of 2D carrier density measured from oscillation
frequencies (blue sphere) and Hall resistance (red pentagrams) and calculated from capacitance model (dotted line).

the Pd—Te interface formed good contacts even at low
temperatures (see Supporting Note 5). The optical image of a
typical pair of devices fabricated on a 10 nm thick flake is
shown in Figure lc. We determined that the helical chain
direction exhibits ~30% higher Hall mobility (for more
discussion, see Supporting Notes 6 and 7). This ratio is
close to the field-effect mobility anisotropic ratio measured at
room temperature.”” It was also noticed that the SdH
oscillations and QHE features were more distinguishable
along the a axis. Because the SdH oscillations are related to the
in-plane cyclotron motions and QHE plateaus occur at
metrological standard value of resistance irrelevant of device
geometry, the data we presented in the latter part of the paper
are acquired from devices along the a axis simply for its
stronger oscillation signal and soundness of data interpretation.

Figure 1d shows the typical longitudinal resistance (R,,) and
transverse resistance (ny) of a 10 nm thick sample as a
function of out-of-plane magnetic field measured at 300 mK
with —85 V gate bias. From the slope of R, in the small B-field
regime, the sheet carrier density of 8.7 X 10'> cm™ (positive
slope indicates hole is dominant carrier type) was extracted
from the equation n,;, = l/eRH, where Ry; is the Hall coefficient,

with corresponding Hall mobility of 2640 cm?/(V s) derived
from py = %%. Well-developed SdH oscillations were
observed in longitudinal resistance, and the onset occurs at ~§
T, from which we can estimate the quantum mobility to be
~2000 cm?/(V s) from the criteria of SdH oscillation onset,
o > 1 (cyclotron frequency w, = eB/m*, 7 is the relaxation

time, and m* is the hole effective mass in Te films), close to

the mobility value obtained from Hall measurement. At large B
fields, the transverse resistance shows a series of quantum Hall
plateaus at the values of integer fraction of resistance quanta h/
¢%, although the plateaus are not completely flat due to the
broadening effect. The filling factors were calculated by
normalizing R,, with metrological standard value of h/ .
With the capacity of our equipment of 18 T magnetic field, the
lowest filling factor v we can observe is 20. An interval of 4 was
found between the filling factors of neighboring plateaus,
indicating a four-fold Landau level degeneracy. The four-fold
degeneracy can be factored into two parts: (1) the spin
degeneracy factor g, = 2 and (2) the valley degeneracy factor g,
= 2 originating from H and H' points in Brillouin zone, similar
to the case in graphene (K and K’ points). Our tellurene
samples show much better resolved SdH oscillations than
previous works on surface states of bulk Te due to the high
quality of 2D tellurene films and enhanced quantum
confinement. We also found that QHE and SdH oscillations
become weaker and eventually undetectable in thicker flakes
(see Supporting Note 8).

We then applied different gate bias to tune the carrier
density and studied the gate dependence of oscillation
frequencies. The oscillation amplitudes were extracted by
subtracting a smooth background from original data of R, and
are plotted versus 1/B in Figure 2a. Strong oscillations with
constant frequency A(1/B) are well developed with a negative
gate bias over —40 V. However, at lower (absolute value of)
gate bias, no pronounced oscillations can be observed because
of the lower mobility at subthreshold regime, where the carrier
concentration is low. This indicates that the impurity scattering
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Figure 3. Angle dependence of oscillation frequencies. (a) Schematic configuration for angle-resolved oscillation frequency measurement. (b)
Color map of oscillation amplitude as a function of B field and tilted angles. (c) Oscillation amplitudes plotted against perpendicular magnetic field
component B X cos(a). (d) Oscillation frequencies (blue squares, left axis) and amplitudes (red circles, right axis) as a function of 1/cos(a). The
error bars arise from the Lorentz peak fitting of FFT results. The dashed line shows a linear relationship between oscillation frequency and 1/

cos(a), a signature of 2D Fermi surface.

is still dominant, like most of the 2D materials, and there is still
large room to enhance transport properties through methods
such as hexagonal boron nitride (h-BN) capping. Landau fan
diagram was constructed by plotting the value of 1/B, where
the vth minimum of R, occurs against its corresponding filling
factor as a common practice. Landau index # is related to the
filling factor v through the equation v = gg,(n), where g, and g,
are spin and valley degeneracy of two, respectively. All of the
data points fall onto a line that can be extrapolated toward zero
intercept (fitting error within +0.2), indicating the standard
phase of oscillations. The oscillation frequency By is derived
from the slope of the Landau fan diagram in Figure 2b, from
which 2D carrier density n, can be estimated by substituting
the frequency into the equation of frequency—density
relationship, n, = gg.,eBg/h. We also compare the oscillation
carrier density (blue spheres) and Hall density (red penta-
grams) in Figure 2c. The orange dashed line is calculated from

the gate capacitance model n,, = %Cg(Vg — V). The Hall

densities, oscillation densities, and densities calculated from
capacitance model match quite well within a reasonable
margin.

To better understand the two-dimensionality of Fermi
surface in tellurene, we carried out angle-resolved SdH
oscillation measurements in tilted magnetic fields. The
experiment configuration is illustrated in Figure 3a. The
sample was rotated along the a axis by angle a, and the
corresponding 2D Fermi surface is associated with SdH
oscillation frequency through the equation Bg(ar) = hSp(a)/

4r’e. The oscillation amplitudes with different angles are
plotted in a color map in Figure 3b. A shift of oscillation
features toward higher magnetic field was captured as the tilted
angle increases. For clarity, the angle-resolved SdH oscillation
amplitudes were plotted against perpendicular magnetic field
component B, = B X cos («) in Figure 3c, where the minima
of oscillations occur at the same value. The oscillations are too
vague to be distinguished for a > 35° and in the 0 < & < 32°
regime, the oscillation features also diminish as we increase the
angle (see Figure 3d, right axis). The physics origin of the fast
damping of oscillation amplitudes in tilted magnetic fields is
under further investigation. By performing fast Fourier
transform, we found that the oscillation frequency Bp(a), or
the projection of Fermi surface Sg(a), is linear dependent on
the factor 1/cos(a), another signature of two dimensionality of
carrier motions.

Finally, we studied the temperature dependence of SdH
oscillations and the evidence of the band structure evolution
with large magnetic field originated from the interplay of
Zeeman splitting and spin—orbit coupling. Temperature-
dependent SdH oscillation amplitudes were first investigated
as a common practice to extract effective mass. As seen in
Figure 4a, the period and the phase of the oscillations are
independent of temperature, and the amplitudes exhibit a
diminishing trend with rising temperature in general. For
temperature higher than 5 K, the amplitudes decrease
monotonically, as we expected, and can be fitted with the

2+
classical Lifshitz—Kosevich equation AR, M
sinh(2z*kym T / heB)
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Figure 4. Anomalous temperature dependence of oscillation amplitudes. (a) Oscillation amplitudes measured at various temperatures. (b)
Zoomed-in features of two oscillation peaks at 17.7 and 16.1 T as highlighted in dashed boxes in panel a. (c) Extracted oscillation peak amplitudes
under different magnetic field as a function of temperature. The solid line is the fitting curve from Lifshitz—Kosevich equation with data points T >
S K. Under large magnetic field, the low-temperature data points deviated from fitting curves, which was also captured in panel b. Inset: The
effective cyclotron mass was extracted to be 0.26m,. (d,e) Camelback shape of valence band maxima vicinity without and with external B field. (f)
Cross-section of valence band edge cut along the k, direction. Inset: The effective mass of light and heavy pocket holes under different magnetic

fields.
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The fitted curves are plotted as solid lines in Figure 4c, and the
effective mass m* can be extracted to be ~0.26m, (here m, is
the free electron mass) correspondingly, which is very close to
our DFT calculation. From the extracted effective mass and
quantum mobility, we can estimate the Landau level

e~ 25 K, which is much

el

ﬂqm
more dominant than temperature broadening of 300 mK,
indicating that the limitation of experimental resolution comes
from the disorders in the system. The carrier lifetime 7 can also
be extracted by combining the thermal factor as well as the

Dingle factor AR,, & RyRp where the Dingle factor Ry, takes

broadening on the scale of I =

*

m
Tt

the form Rj = exp(— "~

). By reshaping the first equation

and taking the semiology plot, we shall get
In(AR_-B-sinh A(T)) = —

*
m

TeB

+ const. Therefore, a linear

trend is observed in In(AR, B-sinh A(T)) against 1/B plot
(see Supporting Note 9 and Figure S8), where the carrier
lifetime of 0.10 ps can be extracted from the slope. By carefully
examining the amplitude at each oscillation peak (zoomed in
features are plotted in Figure 4b), we found that at
temperature <5 K the data points do not coincide with fitted
curves, as shown in Figure 4b,c, and the discrepancy is more
significant at larger B field. The deviation of oscillation
amplitudes is abnormal, suggesting that the average effective
mass is heavier under the conditions of large magnetic fields
and low temperatures. This can be tentatively explained by the
band structure reshaping with the existence of external
magnetic field. An insightful picture of the band structure
evolution is given by DFT calculations under magnetic field
perpendicular to the helical axis, with spin—orbit coupling
taken into consideration, as shown in Figure 4d,e (details of
the DFT calculation are discussed in Supporting Note 2). The
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broken spatial inversion symmetry of Te crystal introduces
Rashba-like spin—orbit coupling (SOC), which causes a lateral
shift of spin-up and spin-down subbands in different directions
along the k, axis in the band dispersion diagram and forms a
camelback structure, as shown in Figure 4d. With the presence
of external B field, the degenerate energy levels for spin-up and
spin-down states will also be lifted by Zeeman splitting energy:
E, = gugB, where g is the g factor and pg is the Bohr magneton.
The interplay of SOC and Zeeman splitting introduces band
evolution, as shown in Figure 4e. If we take a cross-section of
band dispersion along the camelback direction (k, direction),
then we can clearly see that the two degenerate valleys will be
split into one heavy hole pocket and one light hole pocket with
increasing magnetic field (Figure 4f). Note that the oscillation
features were captured under large negative gate bias, which is
equivalent to pulling the Fermi level slightly inside the valence
band, as shown in the dashed line in Figure Sc. Under
sufficiently low temperature condition, the Boltzmann
distribution ensures that the states responsible for transport
will be confined within a very narrow range (several kT) near
the Fermi level, and the carriers in the right branch of Figure 4f
will dominate the transport behavior, which exhibits larger
effective mass. As the temperature rises, such effect will be
mitigated by temperature broadening as the fine electrical
structure becomes undetectable, and the carriers in both
pockets will participate in transport, and hence the average
effective mass will fall back to the classical value. The DFT
calculation (see inset of Figure 4f) suggests that as we increase
the external B field to 18 T, the calculated effective mass of the
light hole pocket slightly drops from 0.26 to 0.19m,, whereas
the effective mass in the heavy hole pocket increases drastically
to ~9.8m, (see inset of Figure 4f), which qualitatively matches
our experiment results.

Another evidence related to this effect is the anomalous
transfer characteristics of R, versus gate bias under large
magnetic field. For normal 2DEG systems, in the linear regime,
the channel resistance should drop inversely as we raise
overdrive voltage IV, — V. Here Vy, is the threshold voltage
from which the channel is turned on. However, in tellurene
films under large external magnetic fields and at low
temperatures, as we sweep the gate voltage in the reverse
direction, the resistance sees an abnormal rise around —5 V,
which peaks at around —10 V, and drops again at around —20
V, as shown in the top curve in Figure Sa. We further verified
that this anomalous increase in resistance has a strong
dependence on the magnetic field (see Figure Sa). Therefore,
we believe it is also related to the aforementioned Zeeman-
effect-induced band structure evolution. We denote three
representative situations (1), (2), and (3) as we lower the
Fermi level in Figure Sc, corresponding to spots (1), (2), and
(3) in the transfer curves in Figure Sa. At positions (1) and
(3), the transport behavior can be explained by a classical
semiconductor picture. At position (2), however, the carriers
in the heavy pocket start to dominate the transport, and the
resistance will increase because of the larger average effective
mass. This anomalous resistance bump will also vanish at
higher temperature (shown in Figure Sb) as the temperature
broadens the Boltzmann distribution, making it difficult to
distinguish such fine structures in the electronic band. In
general, the camel-like electronic structure remains the same in
2D tellurene flakes with the thickness of 8—12 nm, similar to
trigonal Te bulks.

In conclusion, we realized strong 2D confinement in a novel
van der Waals 2D material tellurene by taking advantage of
recently developed liquid-phase-grown high-mobility air-stable
tellurene ultrathin films. QHE was observed on Te for the first
time with four-fold degeneracy. Well-developed SdH oscil-
lations were thoroughly investigated under different gate bias,
temperatures, and tilted magnetic fields. Anomaly in cyclotron
effective mass and transfer characteristics at large magnetic
fields and low temperatures were also observed, which is
attributed to the interplay of Zeeman splitting and strong
Rashba-like spin—orbit coupling in Te. Our work revealed the
intriguing electronic structure of Te through quantum
transport and demonstrated the high quality of the novel 2D
tellurene material system, which is even suitable to explore
exotic topological phenomena™»***”** in Te.
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