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Anisotropic physical properties in two-dimensional (2D) layered semiconductors with low crystal lattice
symmetry are of great interest due to the underlying rich physics and potential applications in electron-
ics. Sophisticated transport measurements unveiling the anisotropic effective mass, which is an essential
material parameter reflecting the energy band, are still lacking so far. With a focus on the anisotropy with
respect to the underlying crystal structure, in this work, we propose a simple strategy to directly probe the
carrier effective mass m∗ for 2D semiconductors using tunneling as the sensing tool. The Schottky tunnel
transistor is a practically simple device, in which the transport can be electrically tuned to be tunneling
dominated. Using such a device as the experimental platform, we extract the anisotropy of the effec-
tive mass for both electrons and holes in the low symmetric ReSe2 from the Fowler-Nordheim tunneling
measured at 1.4 K. Furthermore, a colossal conductivity anisotropy of 103 is observed for ReSe2.
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I. INTRODUCTION

Two-dimensional (2D) layered semiconductors with
low crystal lattice symmetry, such as black phosphorus
and rhenium dichalcogenides, possess intrinsic in-plane
anisotropic physical properties [1–3], which permit unique
applications, such as polarization-sensitive photodetectors
and anisotropic FETs [4–6]. ReSe2 is a typical 2D semi-
conductor with notable anisotropy, which has a layered
triclinic structure with lattice symmetry of group P1̄ as
illustrated in Fig. 1(a) [7]. The rhenium atoms are sand-
wiched between selenium atoms forming a monolayer and
these layers stack along the crystallographic c axis at an
oblique angle to the basal layers. Owing to the Peierls
distortion, adjacent rhenium atoms are bonded into the
four-atom “lozenge” clusters to form the Re chains along
the a axis, resulting in the unique properties different from
other crystallographic axes. Additionally, ReSe2 is stable
in ambient condition, making it easy to handle in process-
ing and thus an ideal material platform to study anisotropy.

The photoluminescence emission and polarized Raman
spectroscopy are the commonly utilized tools to investi-
gate the anisotropy of 2D semiconductors [10,11]. So far
the reported transport measurements are mainly focused
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on the anisotropic conductivity or field-effect mobility in
2D materials. For instance, the conductivity anisotropy
with a ratio of approximately 10 has been reported for
ReS2, an isostructural crystal to ReSe2 [12]. By con-
trast, the effective mass m∗ is a more essential material
parameter. The anisotropy of m∗ reflecting the shape of
the energy band is of great importance for designing
high-performance transistors with very scaled-down chan-
nels or tunneling devices. A twofold asymmetric distri-
bution of effective hole mass near its VBM has been
discovered for ReSe2 with its minimum (maximum) along
(normal to) the a axis by directly measuring its energy
band structure using angle-resolved photoemission spec-
troscopy (ARPES) [13]. Nevertheless, ARPES measure-
ment has a relatively low resolution in terms of energy
and it is technically challenging especially for the samples
with submicron dimensions [14]. Sophisticated transport
measurements to directly probe the anisotropic m∗ and the
electronic band structure are lacking. Effective mass and its
anisotropy can be extracted from the temperature depen-
dence of the quantum oscillations measured in a magnetic
field [15]. However, under a limited magnetic field B, this
only applies to those systems with high carrier mobility
μ � 1/B. Hence, we are encouraged to explore a universal
method to directly measure the anisotropy of the effective
mass near VBM or conduction-band minimum (CBM) in
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FIG. 1. (a) Crystal structure of ReSe2. The a axis is along the
rhenium chain. (b) Band diagram showing the tunneling via the
triangle-shape barrier formed in a Schottky transistor at a dc bias.
(c) Peak intensity of the 123 cm−1 mode of ReSe2 as a function
of the excitation polarization direction with its maximum align-
ing to the b axis. The symbols represent experimental data while
the solid curve is the fit from Raman analysis. (d) Micrograph
of the as-fabricated ReSe2 transistors with their channel orienta-
tions rotated by θ from the a axis. Dashed boxes highlight the
ReSe2 ribbons. Scale bar: 1 μm. (e) Band alignment of the pal-
ladium contact and ReSe2. ReSe2 has an electron affinity χ of
5 eV and a band gap Eg of 1.42 eV [8]. Palladium contact has
a work function �Pd of 5.6 eV [9]. (f) Output curves of ReSe2
FET in 30◦ orientation measured at 1.4 K at varied gate voltages.
(g) Anisotropic transfer characteristics measured in the Schottky
transistors along varied orientations at a high bias of 5 V.

2D semiconductors via the simple and feasible transport
measurement.

In addition, we know that the tunneling of either elec-
tron or hole through a triangle-shape barrier, i.e., Fowler-
Nordheim (FN) tunneling, is correlated to the effective
mass of the material. The tunneling current into a semi-
conductor with relativity low band gap can be expressed
by a simplified equation with the parabolic WKB approxi-
mation [16,17],

ISD ∝ V2
SD × e(−8πd

√
2m∗φ

3/2
B )/3heVSD , (1)

where h is Planck’s constant, e is electron charge, and d
and φB are the width and height of the Schottky barrier,
respectively. By measuring the FN tunneling through the
identical barriers built in the material along different orien-
tations, the anisotropy of the effective mass can be simply
extracted. In practice, Schottky FETs with short channels
are considered as one of the ideal device platforms to
host FN tunneling from metal contact to the CBM (VBM)
of a semiconductor. Compared to a lateral tunnel junc-
tion, which requires accurate doping profile or complex
device architecture with fine gates [18], Schottky FETs can
be easily obtained with an ordinary FET geometry. The
triangle-shape Schottky barriers are naturally formed at the
contact interfaces due to the band bending by choosing
appropriate metal contacts [Fig. 1(b)] [19]. Furthermore,
the so-called drain-induced barrier lowering (DIBL) [20],
which is very pronounced in a short channel transistor, can
be employed to electrically set the optimal Schottky barrier
width to allow FN tunneling.

Here we report a direct transport measurement of the
anisotropy of effective mass for ReSe2 in the tunneling
dominated Schottky transistors. The electrically tunable
triangle-shape Schottky barrier is set by choosing the con-
tact metal and applying the thermal annealing. A colossal
tunneling conductivity anisotropy of 103 is measured in
the ReSe2 with strong gate tunability. The information of
the effective mass m∗ is extracted from the measured tun-
neling conductivity. Our measurements reveal the strongly
anisotropic effective-mass distribution for the ReSe2 layer,
with the lightest carriers being along its a axis and the
heaviest hole and electron residing in the orientation nor-
mal to its a axis. This method provides a considerably high
accuracy, showing a good agreement with the previously
reported ARPES data.

II. RESULTS AND DISCUSSION

We firstly show polarized Raman spectroscopy mea-
surements on the exfoliated ReSe2 thin flakes, which car-
ries information on phonon modes associated with the
lattice symmetry. Figure 1(c) plots the peak intensity of
a typical Raman mode at 123 cm−1 with respect to the
laser polarization. A twofold symmetry is noted and is
consistent with previous reports [21]. The peak intensity
is known to exhibit its maximum along the b axis with
an inner angle of approximately 120◦ to a. Subsequently,
taking the polarized Raman spectrum as the reference,
we can determine the crystal orientation for a ReSe2
flake without knowing its crystalline structure. The ReSe2
used for the transport measurements are fabricated along
the varied crystal orientations with palladium contacts
(see details within the Supplemental Material [22]). Dry-
etching-defined ribbon-shape channels of 1.5 μm length
and 0.5 μm width are employed to fully confine the trans-
port in the desired orientation. Figure 1(d) shows three
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fabricated devices from one approximately 10-nm-thick
ReSe2 flake with the channels orientating in varied θ of
0◦, 30◦, and 90◦ rotated from the a axis. Note the device
with the ribbon along 60◦ is not measured due to a bro-
ken contact after fabrication. The information of 60◦ is
obtained in an additional device, which is presented the
Supplemental Material [22]. Palladium has its work func-
tion approximately in the middle of the ReSe2 band gap
as illustrated in Fig. 1(e). We therefore anticipate ambipo-
lar transport, which allows us to investigate both electron
and hole transport. A thermal annealing after fabrication is
necessary to set the optimal Schottky contact (for details
see the Supplemental Material [22]).

In such a device, the initial Schottky barrier, which is
defined as the energy gap between the Fermi level of metal
and conduction- (valence-) band minimum (maximum) of
ReSe2, is estimated to be as large as 0.6 eV for electrons
and 0.8 eV for holes, respectively [23]. Hence, the trans-
port is impeded and no current is observed in the output
curve at the low dc bias as shown in Fig. 1(f). At the high
bias of >2 V, current starts to increase and nano ampere
signals can be measured. Figure 1(g) plots the transfer
characteristics of these three transistors at a high dc bias
of 5 V at 1.4 K. As expected, the ambipolar transport is
achieved in all devices with the clear off state appearing
in an identical gate voltage range from −60 to 40 V, which
highlights the good device uniformity in one fabrication
batch. More interestingly, as channel orientation changes
from 0◦ (a axis) to 90◦, the drain current ISD decreases
dramatically. Since the device parameters are identical
in these transistors, this discrepancy strongly suggests an
anisotropy residing in the a-b plane. The high leakage cur-
rent in the off state along 0◦ and 30◦ FETs manifests that
these FETs cannot be fully switched off, possibly indicat-
ing the presence of short channel. However, before using
Eq. (1) to extract the information for effective mass, we
verify that transport is dominated by tunneling.

Two mechanisms, tunneling and thermionic emission,
contribute to the transport in a Schottky transistor [24],
as illustrated in the inset of Fig. 2(a). In our experiment,
the thermionic emission is heavily suppressed by carrying

out the measurements at a low temperature of 1.4 K. Fig-
ures 2(a) and 2(b) plot the transfer characteristics and
output curves measured in the transistors along 90◦ at 1.4
and 150 K, respectively. Considering the contact-limited
transport in this Schottky transistor, the contribution of
the channel can be negligible. Therefore, the temperature
dependence of the measured current basically originates
from the changes of the contacts when varying tempera-
ture. Currents ISD in both off and on states of the gate
modulation are significantly enhanced at 150 K, suggest-
ing the existence of the temperature-enabled transport, i.e.,
thermionic emission. Additionally, the output curves show
a dramatic increase of ISD by a few orders at the low bias
of approximately 1 V at 150 K. The slight asymmetry of
the output curves under forward and reverse drain biases is
ascribed to the different heights of the image force barrier
reduction at two contacts [25]. When thermionic emission
is dominant, ln(ISD) exhibits a linear correlation between√

VSD and vice versa [26]. We replot the output curves in
the form of ln(ISD) vs

√
VSD in Fig. 2(c). The data mea-

sured at 150 K can be well fitted to linear lines at bias
of >1 V. In contrast, the poor linearity of the data at
1.4 K suggests that the thermionic emission is excluded
from the possible transport mechanism at low tempera-
ture. The effective Schottky barrier φB at high dc bias can
be estimated from the temperature dependence of the on
state current of the Schottky transistor using the thermionic
emission equation [24]

ISD ∝ T3/2 × e

⎛
⎜⎝

−qφ
3/2
B

kBT

⎞
⎟⎠

, (2)

with q and kB being electron charge and Boltzmann con-
stant, respectively. The transfer characteristics measured
in an approximately 5-nm-thick ReSe2 at the varied tem-
peratures with VSD = 5 V are plotted in the Supplemental
Material [22]. The low φB in the order of 10 meV is
extracted for the electron branch by fitting Eq. (2) to the
data from Vg = 60 to 80 V, which is in a reasonable
regime for the obtained current level hosted by tunneling.
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FIG. 2. (a),(b) Transfer charac-
teristics and output curves of the
ReSe2 FET in the 90◦ orienta-
tion at 1.4 and 150 K, respec-
tively. Inset of (a), the band dia-
gram illustrating two carrier trans-
port mechanisms. (c) Plots of
thermionic emission fitting under
gate voltages of ±80 V at 1.4 and
150 K. Solid lines are the linear
fits to the data at 150 K at VSD
from 1 to 5 V.
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FIG. 3. (a) Output data measured in varied orientations at Vg = 80 V. Solid lines are the linear fits to the FN tunneling model using
Eq. (2). (b) Extraction of the normalized effective electron mass m∗

e and hole mass m∗
h to 0◦ for varied orientations. The green dot plots

the normalized hole effective mass along 60◦ extracted from an additional device by comparing to 90◦ (Fig. S1 within the Supplemental
Material [22]). The gray shadow indicates to the effective normalized hole mass m∗

h measured by ARPES [13]. (c) Colossal in-plane
conductivity anisotropy in the ReSe2 Schottky FETs.

Considering the high φB of 102 meV of the intrinsic
barrier, the excellence of the DIBL effect for modulating
the Schottky barrier is highlighted.

In the tunneling transport, the linear correlation between
ln(ISD/V2

SD) and 1/VSD is derived from Eq. (1) [27]. Hence
in Fig. 3(a) we plot the output data measured along 0◦,
30◦, and 90◦ at 1.4 K under Vg = 80 V in the form of
ln(ISD/V2

SD) vs 1/VSD, respectively. The good linear fits
to the high-bias regime give solid evidence for domi-
nant FN tunneling transport and eliminate the possibility
of considerable current contributions from other tunnel-
ing mechanisms, for instance trap-assisted tunneling via
the defective states inside the barrier. In addition, know-
ing that there is no other energy band or state having the
similar energy near the CBM or VBM in ReSe2, the tun-
neling is anticipated mainly occurring from the contacts
to the CBM or VBM. Furthermore, considering the facts,
such as low defect density in the mechanically exfoliated
flake from the high-quality crystal, well-optimized contact
interface in the Schottky transistor, small thermal energy
of approximately 0.1 meV at a measurement temperature
of 1.4 K, the inelastic scattering processes due to defects
or associated with phonon are very unlikely to take place.
Conservation of momentum and energy is satisfied in the
FN-tunneling process. We are now confident to quantita-
tively extract the effective-mass anisotropy near the CBM
and VBM using Eq. (1). The effective mass is calculated as

m∗ ∝
[

1/d × φ
−3/2
B × dln(ISD/V2

SD)

d(1/VSD)

]2

, (3)

where dln(ISD/V2
SD)/d(1/VSD) presents the slope of the

linear regime. The fitted lines get steeper as θ increases
from 0◦ to 90◦, therefore implying heavier m∗. The nearly
identical contacts are expected from the well-controlled

fabrication. Therefore, d and φB are expected to be con-
stants in all devices made on the same ReSe2 flake in the
same fabrication batch. To investigate the anisotropy of
effective masses, we find that it is not necessary to ana-
lytically describe the tunneling and quantitatively obtain
the exact values of m∗ by employing a complex analytical
model. Instead, the information of m∗ anisotropy can be
simply and precisely extracted for both electron and hole
without knowing the exact value of d and φB by normaliz-
ing m∗ with that at 0◦. The results are plotted in Fig. 3(b)
with respect to θ . Both m∗

e and m∗
h increase with the devi-

ation from 0◦ (a axis). The anisotropy between a axis and
⊥ a axis is as high as 3.4 and 5.1 for m∗

h and m∗
e , reflecting

the asymmetric energy band near VBM and CBM, respec-
tively. The extracted anisotropy of effective hole mass m∗

h
resembles the one measured by ARPES at the VBM, which
is marked by the gray shadow in Fig. 3(b) [13]. This ver-
ifies that the m∗ anisotropies we obtain are mainly probed
at the VBM and CBM as anticipated. It is known that
m∗ changes with energy. Noted that this energy depen-
dence of effective mass as well as its impact on anisotropy
are not considered in this work. Additionally, we notice
that the normalized m∗

h for 60◦ extracted in a different
device falls within this reasonable range, highlighting the
reproducibility of the proposed method. As a result, the
colossal conductivity anisotropy, which is defined as the
ratio between the conductivity σ in 0◦ (‖ a) and 90◦ (⊥ a),
is observed in the ReSe2 with Schottky tunnel transistors
[Fig. 3(c)]. A maximum σ‖a/σ⊥a of approximately 4000 is
noted in association with the off state of the transistor. To
our knowledge, this value is the highest among all 2D tran-
sition metal dichalcogenides and on a par with that recently
reported anisotropy for gallium telluride [28].

Finally, we discuss the colossal conductivity anisotropy
by showing the DIBL effect and its distinct impact on the
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transport in the 90◦ axis under varied drain biases
in both the off state and the on state.

transport in the biased Schottky transistors due to the m∗
anisotropy along varied orientations. The transfer charac-
teristics of the Schottky transistor oriented in 0◦ and 90◦
at varied dc bias VSD are plotted in Figs. 4(a) and 4(b),
respectively. At the low bias of 1 V, both transistors exhibit
similar transfer characteristics with the off current of
approximately 10−11 A. When increasing VSD from 1 to
5 V, the current ISD is enhanced by three orders in the
transistor along the a axis. Moreover, the high leakage cur-
rent appears in its off state again indicating the formation
of a short channel. In contrast, the transistor in the 90◦
orientation does not show pronounced modulation by the
application of VSD within the off state. The leakage cur-
rent is mostly maintained at the low value of approximately
10−11 A even at the high bias of 5 V.

The scenario is presented as illustrated in Figs. 4(c)
and 4(d). At the low bias of 1 V, the Schottky barriers
in both transistors are quite thick. No tunneling is possi-
ble even with the light carriers in the a axis. In fact, at
the low dc bias regime, the tunneling transport is mostly
prevented by the thick Schottky barrier in any orientations,
making the extraction of the anisotropy information impos-
sible (Fig. S4 within the Supplemental Material [22]). By
increasing VSD, the barriers are eventually thinned down.
The light carriers along the a axis can tunnel through the
Schottky barrier even at the off state, leading to the high
leakage current as a short channel transistor. Although a
consistent barrier is set under the same condition, it is
less transparent for the much heavier carriers in the ori-
entation of 90◦. Consequently, tunneling is not activated
along ⊥ a such that low conductivity in the off state is

maintained and conductivity ratio to ‖ a is colossal. Under
such circumstance, tunneling can be enabled by applying
additional gate voltage, which further narrows down the
barrier as indicated in Fig. 4(d). The drain bias modu-
lation can be observed in the junction on state. Hence,
the conductivity ratio between ‖ a and ⊥ a is reduced in
the on state. We plot the measurements along 30◦ ori-
entation, where the DIBL effect is intermediate between
0◦ and 90◦ orientations (Fig. S5 within the Supplemental
Material [22]).

III. CONCLUSION

In conclusion, we obtain the anisotropy of effective mass
in ReSe2, which is directly extracted from tunneling dom-
inated Schottky transistors. The results reveal that ReSe2
has heavy holes and electrons in the orientation normal
to its a axis, resulting in the excellent immunity to DIBL
effect for realizing field-effect transistors with very scaled-
down channels. In contrast, the light carriers are measured
along the a axis, which make ReSe2 favorable for building
tunneling devices, such as tunnel junctions or tunnel FET.
The accuracy of this method is highlighted by compar-
ing with ARPES data. This strategy provides a universal
approach for all 2D semiconducting materials to widely
and deeply investigate their anisotropic band properties
at the lowest energy point. Furthermore, this anisotropic
distribution of effective mass leads to an extremely high
conductivity anisotropy of 103, offering the opportunity for
designing multifunctional directional memories based on
tunneling devices for real applications.
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