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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 ReSe, from the Fowler-Nordheim tunneling
measured at 1.4 K. Furthermore, a colossal conductivity anisotropy of 103 is observed for ReSe,.
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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]. ReSe, is a typical 2D semi-
conductor with notable anisotropy, which has a layered
triclinic structure with lattice symmetry of group P1 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 ¢ 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, ReSe, 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
ReS,, an isostructural crystal to ReSe, [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 ReSe, 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
u > 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 ReSe,. 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™! mode of ReSe, 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 ReSe, transistors with their channel orienta-
tions rotated by 6 from the a axis. Dashed boxes highlight the
ReSe, ribbons. Scale bar: 1 um. (e) Band alignment of the pal-
ladium contact and ReSe;. ReSe, has an electron affinity x of
5 eV and a band gap E, of 1.42 eV [8]. Palladium contact has
a work function ®py of 5.6 eV [9]. (f) Output curves of ReSe,
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],

/5 43/2
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where 4 is Planck’s constant, e is electron charge, and d
and ¢p 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 ReSe, 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 ReSe; 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 ReSe; 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 ReSe; 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~! 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 » 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 ReSe;
flake without knowing its crystalline structure. The ReSe;
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 um length
and 0.5 um 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
ReSe, flake with the channels orientating in varied 6 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 ReSe, 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
ReSe;,, 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 5V 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 /g, 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 Igp 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 Isp 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, In(/sp) exhibits a linear correlation between
v/ Vsp and vice versa [26]. We replot the output curves in
the form of In(Zsp) vs +/Vsp 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 ¢5 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]

ksT
Isp o T2 x e( B, 2)

—q¢;/ 2)
with ¢ and kg being electron charge and Boltzmann con-
stant, respectively. The transfer characteristics measured
in an approximately 5-nm-thick ReSe, at the varied tem-
peratures with Vsp = 5 V are plotted in the Supplemental
Material [22]. The low ¢p in the order of 10 meV is
extracted for the electron branch by fitting Eq. (2) to the
data from V, =60 to 80 V, which is in a reasonable
regime for the obtained current level hosted by tunneling.

FIG. 2. (a),(b) Transfer charac-

teristics and output curves of the
ReSe, FET in the 90° orienta-
—16} 1 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 Vsp
? o0 from 1 to 5 V.
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(a) Output data measured in varied orientations at ¥, = 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} and hole mass n1j, 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; measured by ARPES [13]. (c) Colossal in-plane

conductivity anisotropy in the ReSe, Schottky FETs.

Considering the high ¢z of 10> 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
In(Isp/ V) and 1/Vp 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 V, =80 V in the form of
In(Isp/ VgD) vs 1/Vsp, 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 ReSe,, 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

din(Isp/V3p) T
— 2l S 3
d(1/Vsp) ®)

where dIn(Isp/ V§D) /d(1/Vsp) presents the slope of the
linear regime. The fitted lines get steeper as 6 increases
from 0° to 90°, therefore implying heavier m*. The nearly
identical contacts are expected from the well-controlled

m* |:1/d>< ¢>;3/2 X

fabrication. Therefore, d and ¢p are expected to be con-
stants in all devices made on the same ReSe, 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 ¢g by normaliz-
ing m* with that at 0°. The results are plotted in Fig. 3(b)
with respect to 6. Both m; and mj, increase with the devi-
ation from 0° (a axis). The anisotropy between « axis and
1 aaxis is as high as 3.4 and 5.1 for m; and m, reflecting
the asymmetric energy band near VBM and CBM, respec-
tively. The extracted anisotropy of effective hole mass m;
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 mj 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 o in 0° (|| @) and 90° (L a),
is observed in the ReSe, with Schottky tunnel transistors
[Fig. 3(c)]. A maximum oy,/0 1, 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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ReSe; Schottky transistor in @ axis (along the
rhenium chain) and 90° axis (perpendicular to
® the rhenium chain) under varied drain biases.
5V Band diagram showing (c) the transport via the
Pd-ReSe; Schottky barrier in the @ axis under
varied drain biases in the off state, and (d) the
transport in the 90° axis under varied drain biases
in both the off state and the on state.

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 Vsp are plotted in Figs. 4(a) and 4(b),
respectively. At the low bias of 1V, both transistors exhibit
similar transfer characteristics with the off current of
approximately 107! A. When increasing Vsp from 1 to
5V, the current Isp 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 Vsp within the off state. The leakage cur-
rent is mostly maintained at the low value of approximately
107" 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 Vsp, 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 L 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 || @ and L 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 ReSe,, which is directly extracted from tunneling dom-
inated Schottky transistors. The results reveal that ReSe,
has heavy holes and electrons in the orientation normal
to its @ 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 ReSe, 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.

044056-5



XIAOCHI LIU et al.

PHYS. REV. APPLIED 13, 044056 (2020)

ACKNOWLEDGMENTS

This work is supported by National Natural Science
Foundation of China (Grant No. 11804397) and Hunan
Provincial Science and Technology Department (Grant
No. 2019RS1006). Y.Y. thanks the support of by Natural
Science Foundation of Hunan Province, China (Grant No.
20191750789).

[1] Y. Liu, T. Low, and P. P. Ruden, Mobility anisotropy in
monolayer black phosphorus due to scattering by charged
impurities, Phys. Rev. B 93, 165402 (2016).

[2] Y.-C. Lin, H.-P. Komsa, C.-H. Yeh, T. Bjorkman,
Z.-Y. Liang, C.-H. Ho, Y.-S. Huang, P.-W. Chiu, A.
V. Krasheninnikov, and K. Suenaga, Single-layer ReS;:
Two-dimensional semiconductor with tunable in-plane
anisotropy, ACS Nano 9, 11249 (2015).

[3] H.-X. Zhong, S. Gao, J.-J. Shi, and L. Yang, Quasiparticle
band gaps, excitonic effects, and anisotropic optical proper-
ties of the monolayer distorted 17 diamond-chain structures
ReS; and ReSe,, Phys. Rev. B 92, 115438 (2015).

[4] Y. Yang, S.-C. Liu, X. Wang, Z. Li, Y. Zhang, G. Zhang,
D.-J. Xue, and J.-S. Hu, Polarization-sensitive ultraviolet
photodetection of anisotropic 2D GeS;, Adv. Funct. Mater.
29, 1900411 (2019).

[5] E. Zhang et al., Tunable ambipolar polarization-sensitive
photodetectors based on high-anisotropy ReSe; nanosheets,
ACS Nano 10, 8067 (2016).

[6] X. Feng, X. Huang, L. Chen, W. C. Tan, L. Wang, and
K.-W. Ang, High mobility anisotropic black phosphorus
nanoribbon field-effect transistor, Adv. Funct. Mater. 28,
1801524 (2018).

[7] J. P. Echeverry and 1. C. Gerber, Theoretical investigations
of the anisotropic optical properties of distorted 17 ReS,
and ReSe, monolayers, bilayers, and in the bulk limit, Phys.
Rev. B 97, 075123 (2018).

[8] N.R. Pradhan, C. Garcia, B. Isenberg, D. Rhodes, S. Feng,
S. Memaran, Yan Xin, Amber McCreary, Angela R. Hight
Walker, A. Raecliarijaona, H. Terrones, M. Terrones, S.
McGill, and L. Balicas, Phase modulators based on high
mobility ambipolar ReSe, field-effect transistors, Sci. Rep.
8, 12745 (2018).

[9] C. Kim, I. Moon, D. Lee, M. S. Choi, F. Ahmed, S. Nam,
Y. Cho, H.-J. Shin, S. Park, and W. J. Yoo, Fermi level pin-
ning at electrical metal contacts of monolayer molybdenum
dichalcogenides, ACS Nano 11, 1588 (2017).

[10] A. Arora,J. Noky, M. Driippel, B. Jariwala, T. Deilmann, R.
Schneider, R. Schmidt, O. Del Pozo-Zamudio, T. Stichm,
A. Bhattacharya, P. Kriiger, S. M. de Vasconcellos, M.
Rohlfing, and R. Bratschitsch, Highly anisotropic in-plane
excitons in atomically thin and bulklike 1 T’-ReSe,, Nano
Lett. 17, 3202 (2017).

[11] A. Surrente, A. A. Mitioglu, K. Galkowski, W. Tabis, D. K.
Maude, and P. Plochocka, Excitons in atomically thin black
phosphorus, Phys. Rev. B 93, 121405(R) (2016).

[12] E. Liu et al., Integrated digital inverters based on two-
dimensional anisotropic ReS, field-effect transistors, Nat.
Commun. 6, 6991 (2015).

[13] B. S. Kim, W. S. Kyung, J. D. Denlinger, C. Kim, and
S. R. Park, Strong one-dimensional characteristics of hole-
carriers in ReS; and ReSe;, Sci. Rep. 9, 2730 (2019).

[14] W. Jin, P.-C. Yeh, N. Zaki, D. Zhang, J. T. Sadowski, A.
Al-Mahboob, A. M. van der Zande, D. A. Chenet, J. 1.
Dadap, I. P. Herman, P. Sutter, J. Hone, and R. M. Osgood,
Jr., Direct Measurement of the Thickness-Dependent Elec-
tronic Band Structure of MoS, Using Angle-Resolved Pho-
toemission Spectroscopy, Phys. Rev. Lett. 111, 106801
(2013).

[15] Y. Yuan, X. Wang, J. Kosel, and J. Sun, Quantum oscilla-
tions on the surface of InAs epilayer, Phys. E: Low-Dimens.
Syst. Nanostruct. 114, 113604 (2019).

[16] A. V. Penumatcha, R. B. Salazar, and J. Appenzeller,
Analysing black phosphorus transistors using an analytic
Schottky barrier MOSFET model, Nat. Commun. 6, 8949
(2015).

[17] X.Liu, D. Qu, J. Ryu, F. Ahmed, Z. Yang, D. Lee, and W. J.
Yoo, P-type polar transition of chemically doped multilayer
MoS, transistor, Adv. Mater. 28, 2345 (2016).

[18] T. Agarwal, G. Fiori, B. Soree, I. Radu, M. Heyns, and W.
Dehaene, Towards high-performance polarity-controllable
FETs with 2D materials, IEEE J. Electron Dev. 6, 979
(2018).

[19] S. Das, A. Prakash, R. Salazar, and J. Appenzeller, Toward
low-power electronics: Tunneling phenomena in transition
metal dichalcogenides, ACS Nano 8, 1681 (2014).

[20] H. Liu, A. T. Neal, and P. D. Ye, Channel length scaling of
MoS, MOSFETs, ACS Nano 6, 8563 (2012).

[21] D. Wolverson, S. Crampin, A. S. Kazemi, A. Ilie, and S. J.
Bending, Raman spectra of monolayer, few-layer, and bulk
ReSe;: An anisotropic layered semiconductor, ACS Nano
8, 11154 (2014).

[22] See Supplemental Material http://link.aps.org/supplemen
tal/10.1103/PhysRevApplied.13.044056 for sample fabri-
cation and experimental setup, measurements of an addi-
tional device, optimal contact set by thermal annealing,
extraction of effective Schottky barrier height, measure-
ments at low dc biases, measurements along 30° from the
a axis.

[23] Y. Liu, J. Guo, E. Zhu, L. Liao, S.-J. Lee, M. Ding, I. Shakir,
V. Gambin, Y. Huang, and X. Duan, Approaching the
Schottky—Mott limit in van der Waals metal-semiconductor
junctions, Nature 557, 696 (2018).

[24] A. Allain, J. Kang, K. Banerjee, and A. Kis, Electrical con-
tacts to two-dimensional semiconductors, Nat. Mater. 14,
1195 (2015).

[25] C. Marquez, N. Salazar, F. Gity, C. Navarro, G. Mirabelli,
J. C. Galdon, R. Duffy, S. Navarro, P. K. Hurley, and F.
Gamiz, Investigating the transient response of Schottky
barrier back-gated MoS, transistors, 2D Mater. 7, 025040
(2020).

[26] J.-K. Lee, S. Jung, J. Park, S.-W. Chung, J. S. Roh,
S.-J. Hong, I. H. Cho, H.-I. Kwon, C. H. Park,
B.-G. Park, and J.-H. Lee, Accurate analysis of conduc-
tion and resistive-switching mechanisms in double-layered
resistive-switching memory devices, Appl. Phys. Lett. 101,
103506 (2012).

[27] G. Nazir, H. Kim, J. Kim, K. S. Kim, D. H. Shin, M.
F. Khan, D. S. Lee, J. Y. Hwang, C. Hwang, J. Suh,
J. Eom, and S. Jung, Ultimate limit in size and perfor-
mance of WSe, vertical diodes, Nat. Commun. 9, 5371
(2018).

[28] H. Wang et al., Gate tunable giant anisotropic resistance in
ultra-thin GaTe, Nat. Commun. 10, 2302 (2019).

044056-6


https://doi.org/10.1103/PhysRevB.93.165402
https://doi.org/10.1021/acsnano.5b04851
https://doi.org/10.1103/PhysRevB.92.115438
https://doi.org/10.1002/adfm.201900411
https://doi.org/10.1021/acsnano.6b04165
https://doi.org/10.1002/adfm.201801524
https://doi.org/10.1103/PhysRevB.97.075123
https://doi.org/10.1038/s41598-018-30969-7
https://doi.org/10.1021/acsnano.6b07159
https://doi.org/10.1021/acs.nanolett.7b00765
https://doi.org/10.1103/PhysRevB.93.121405
https://doi.org/10.1038/ncomms7991
https://doi.org/10.1038/s41598-019-39540-4
https://doi.org/10.1103/PhysRevLett.111.106801
https://doi.org/10.1016/j.physe.2019.113604
https://doi.org/10.1038/ncomms9948
https://doi.org/10.1002/adma.201505154
https://doi.org/10.1021/nn406603h
https://doi.org/10.1021/nn303513c
https://doi.org/10.1021/nn5053926
http://link.aps.org/supplemental/10.1103/PhysRevApplied.13.044056
https://doi.org/10.1038/s41586-018-0129-8
https://doi.org/10.1038/nmat4452
https://doi.org/10.1088/2053-1583/ab7628
https://doi.org/10.1063/1.4751248
https://doi.org/10.1038/s41467-018-07820-8
https://doi.org/10.1038/s41467-019-10256-3

	I. INTRODUCTION
	II. RESULTS AND DISCUSSION
	III. CONCLUSION
	ACKNOWLEDGMENTS
	. References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile ()
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 5
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /PDFX1a:2003
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError false
  /PDFXTrimBoxToMediaBoxOffset [
    33.84000
    33.84000
    33.84000
    33.84000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    9.00000
    9.00000
    9.00000
    9.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV <>
    /HUN <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames false
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks true
      /AddColorBars false
      /AddCropMarks true
      /AddPageInfo true
      /AddRegMarks false
      /BleedOffset [
        9
        9
        9
        9
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


