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S
ingle-layer transition metal dichalco-
genides (SL-TMDs) are quasi-two-
dimensional materials with the chemi-

cal formula MX2, consisting of an atomic
plane of a transitionmetal (M: Ti, Nb, Mo, Re,
etc.) sandwiched between two chalcogen
atomic planes (X: S, Se, Te). This crystalline
structure combined with a wide variety of
constituent elements gives rise to diverse
electronic properties, strongly governed by
the group of the transitionmetal, that is, the
number of its d-orbital electrons.1 MoS2 and
WS2 are the most representative “group 6”
SL-TMDs featuring trigonal prismatic (H)
phase structure. For the group 6 SL-TMDs,
the H phase is stable under normal condi-
tions and found to behave as direct band
gap semiconductors.2 In contrast to other
two-dimensional (2D) materials (e.g., gra-
phene and h-BN), the group 6 SL-TMDs
can exhibit various polymorphs and present
different electronic properties as the atomic

arrangement changes, with the phase tran-
sition originating from charge transfer.
For example, the semiconducting H phase
can be transformed to a metallic octahedral
(T) phase by alkali metal intercalation,3�6

Re atom doping,7 and direct electron beam
charging.8 The H phase can also be trans-
formed to a zigzag-shape phase (Z), that
is, the distorted octahedral phase with clus-
terization of metal atoms into zigzag chains,
by using solvent-based exfoliation.9�11

If each group 6 metal atom is doped with
an additional electron, that is, its oxidation
state is reduced from IV to III, the
simulations12,13 indicate that the Z phase
may undergo the Peierls distortion and be
transformed into a diamond-shape (DS)
phase where atoms reconstruct in such a
way that fourmetal atoms visually appear as
a diamond (rhombus) in the plane. How-
ever, the existence of the DS phase in-
duced by extra electron doping has not
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ABSTRACT Rhenium disulfide (ReS2) and diselenide (ReSe2), the

group 7 transition metal dichalcogenides (TMDs), are known to have

a layered atomic structure showing an in-plane motif of diamond-

shaped-chains (DS-chains) arranged in parallel. Using a combination

of transmission electron microscopy and transport measurements, we

demonstrate here the direct correlation of electron transport

anisotropy in single-layered ReS2 with the atomic orientation of

the DS-chains, as also supported by our density functional theory calculations. We further show that the direction of conducting channels in ReS2 and ReSe2
can be controlled by electron beam irradiation at elevated temperatures and follows the strain induced to the sample. Furthermore, high chalcogen

deficiency can induce a structural transformation to a nonstoichiometric phase, which is again strongly direction-dependent. This tunable in-plane

transport behavior opens up great avenues for creating nanoelectronic circuits in 2D materials.

KEYWORDS: ReS2 . ReSe2 . anisotropic . transition metal dichalcogenides . electrical transport .
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yet been experimentally shown for the bulk group
6 TMDs.
On the other hand, “group 7” bulk TMDs, ReS2 and

ReSe2, exist in the DS phase with triclinic symmetry
where the neighboring Re clusters are linked along the
b[010] axis to form Re DS-chains.14�18 The bulk ReS2
crystal has been found to be a diamagnetic semi-
conductor,19,20 an n-type photovoltaic material with a
1.4 eV optical gap,21 and exhibits biaxial optical and
electrical properties.22�24 Recently, few-layer ReS2
sheets with optical and vibrational behavior different
from group 6 TMDs25,26 have been demonstrated to
operate as field effect transistors,27 digital inverters,28

and promising photodetectors.29 It is expected that
the anisotropic atomic arrangement should result in
similarly anisotropic conduction characteristics in the
single-layer structure, but this assertion still lacks direct
proof by in situ studies.
In this article, we present the first study of the atomic

structure of single-layer ReS2 using an aberration cor-
rected scanning electron transition microscopy (STEM)
in conjunction with ex situ orientation-dependent tran-
sport measurements on the same devices. Changes in
the orientations of DS-chains, originating in local strain
induced flipping of DS structure, were also observed
in situ. Our density functional theory (DFT) calculations
show that the diamond flip allows the structure
to transform into an energetically favorable form.
We also show that the phase transformations are
mediated by the chalcogen deficiency induced by
electron beam irradiation, sensitively changing the
crystalline anisotropy and, accordingly, the conducting
pathways.

RESULTS AND DISCUSSION

Figure 1a shows an annular dark field (ADF) image of
exfoliated group 7 TMD ReS2 where the single-layer
region exhibits the DS phase. The structure model is
schemed in Figure 1b. Four Re atoms are arranged in a
diamond-like shape, and the diamonds form atomic
chains in the b direction. These structures are clearly
visible in the typical ADF images of single-layer ReS2
and ReSe2 (Figure 1c and 1d). The angle between b and
a[100] axes is ∼119.8�. The spacing between two
vicinal diamond shaped clusters in the direction of b
and a is 0.34 and 0.31 nm for ReS2, while the spacing is
0.39 and 0.35 nm for ReSe2, respectively. As seen in the
3-layer region in Figure 1a, the stacking sequence is not
1T, 2H, or 3R, which are well-known for group 6 TMDs
(further details are given in Supplementary Figure S1).
We also note that the bilayer edges are always oriented
along the DS chains. The structural anisotropy leads to
orientation-dependent conductivity and optical prop-
erties reported for bulk crystals23,24 and few-layer
samples.26,28

To investigate the relationship between the atomic
structure and the anisotropic transport properties,
ReS2 flakes were exfoliated onto a degenerately
n-doped silicon substrate capped with a 90 nm dry
oxide. The number of ReS2 layers was preidentified
using color contrast in the optical microscope. Two
pairs of diametrically opposite contact electrodes
(numbered as 1, 2, 3, and 4) were symmetrically
deposited on ReS2 flakes by standard electron beam
lithography process (Figure 2a). After the electrical
transport measurements, the ReS2 device was trans-
ferred to a TEM microgrid (Figure 2b). Figure 2c shows

Figure 1. (a) Lowmagnification ADF image of ReS2. The upper part is single-layer with the DS phase structure, while the lower
part is three-layer stacking. (b) Schematic illustrations of the ReS2 atomic structure in the basal plane and cross section (Re,
green; top S, yellow; bottom S, pink). Four Re atoms form a diamond cluster (green line). The diamond-shape clusters form a
chain-like structure along the b[010] direction. (c,d) The ADF images of ReS2 and ReSe2. The spacing between Re diamond
chains is 0.34 and 0.39 nm for ReS2 and ReSe2, respectively. The spacing between Re diamond-shape clusters in the chain is
0.31 and 0.35 nm for ReS2 and ReSe2, respectively. Scale bar is 0.5 nm.
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the low-magnification ADF image of the ReS2 device,
where the atomic structure of the contacted single-
layer region is displayed in Figure 2d. The structure
orientation and the directions of contact electrodes
(yellow schematic electrodes) can clearly be seen. The
Re diamond chains are aligned parallel to the 1�4 and
2�3 direction. Figure 2e shows the magnified ADF
image of a region containing single-layer and bilayer
ReS2 from the blue square in Figure 2c just for a
reference.
To correlate transport with atomic structure, we

performed two-terminal transport measurements.
The average contact resistance about 60kΩ was de-
rived using the transmission line methodmeasured on
spared samples (Supplementary Figure S2). Figure 2f
shows the direction-dependent current�voltage (I�V)
characteristic of a single-layer ReS2 field-effect transis-
tor at room temperature. The two-terminal conduc-
tance parallel to the DS-chains (G ), e.g., G1�4, and G2�3)
was 0.82 μS for Vds = 1 V and Vg = 20 V. On the other
hand, the two-terminal conductance perpendicular to
the b axis (G^, e.g., G1�2, and G3�4) was an order of
magnitude smaller, being 0.075 μS. Similar STEM cor-
related direction-dependent conductance was also
studied on other single and bilayer ReS2 devices (Sup-
plementary Figures S3�S5). Additional four-terminal
transport measurements were performed on a multi-
layer ReS2. The resistance parallel to the b axis was

about 7.5 times lower than the resistance parallel to the
a axis (See Supplementary Figure S6).
Figure 2g shows the direction-dependent transfer

characteristics of the same ReS2 device. We observed
the currentmodulation up to 106 for the�20 V toþ40 V
range of Vg. The field-effect mobility can be extracted
from the linear region using the expression

μFE ¼ L

W

1
CgVds

dIds
dVg

where L is the channel length (0.7�1 μm), W is the
channel width (0.3 μm), and Cg = 3.8 � 10�4 F/m2 is
the back-gate capacitance per unit area (Cg = ε0εr/d,
εr = 3.9, d = 90 nm). The electronmobility is found to be
strongly direction-dependent. The higher mobility
μ1�4 = 23.1 cm2/(V s) is obtained along the DS-chains,
while electron exhibits lower mobility μ1�2 = μ1�3 =
14.8 cm2/(V s) when crossing the DS-chains. We note
that both electron mobility and current modulation
ability significantly decrease in the multilayer ReS2
(Supplementary Figure S6). Using DFT, we have calcu-
lated 2D inertial effectivemass tensor for the bottomof
the conduction band, which is expected to dominate
electron conductivity. In units of the free electronmass,
we have

mxx mxy

myx myy

� �
¼ 0:147 �0:036

�0:036 0:233

� �

Figure 2. (a) Optical microscope image of ReS2 four probe transistor on SiO2/Si substrate. The contacts are deposited with
60 nm gold. Channel length and width of the device between the opposite contacts, e.g., 1�3 and 2�4, are 1 and 0.3 μm. The
approximate channel length and width for adjacent contacts, e.g., 1�2, 2�3, 3�4, and 1�4, are 0.7 and 0.3 μm. (b) Back-
lighting optical microscopic image of the identical ReS2 device transferred onto a TEM quantifoil. The electrode 3 was
detached during the transfer process. (c) The low magnification ADF image of the ReS2 device. (d,e) The magnified ADF
images taken from the areas marked by yellow and blue squares in (c). Scale bar 1 nm. (f) The direction-dependent I�V
characteristics with applied back gate voltageVg = 20 V. Inset: nonlinear I�Vbehavior indicate the SchottkyAu/ReS2 contacts.
(g) The direction-dependent transfer characteristics with drain�source bias of �3 V.
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where the x direction is along the DS-chains and
y direction is perpendicular to the DS-chains. Using
arguments from k 3 p perturbation theory, which states
that the electron mobility is inversely proportional to
the effective mass at the bottom of the valence band,
we see that the ratio of the diagonal components of
the effective mass,∼0.63, is in near perfect agreement
with the experimentally measured ratio between low
and high mobility directions of ∼0.64. While such
agreement may be somewhat fortuitous, it is still a
strong indication that the level of anisotropy is correct,
giving the first direct evidence for any 2D materials to
show the in-plane anisotropic transport properties
with the correlation to its atomic configurations. The
top of the valence band has the shape of a long ridge,
rather than a single, clearly distinguishable maximum,
making k 3 p perturbation theory impractical in this
case, but based on inspection of the band dispersion
in comparison with the bottom of the valence band
(Supplementary Figure S7), our calculations predict
that the hole conductivity should show even stronger
anisotropy. Black phosphorus is another example of
2D material exhibiting anisotropic transport behavior
with high carrier mobility,30,31 but the material is
chemically unstable and the transport properties of
single layer phosphorene is difficult to experimentally
corroborate.28

Recently, intrinsic or extrinsic (natural or e-beam
induced) domain boundaries of group 6 TMDs, for
example, MoS2 and WS2, have been reported, which
consist of four, five, seven, or eight-membered rings in
general.8,32�36 The directionality of the DS-chains,
originating only from small displacement of the Re
atoms from the perfect 1T-structure, leads also to the
existence of a completely new type of domain bound-
aries. In Figure 3a, the ADF image of single-layer ReSe2
exhibits two natural domains (blue and green) with
distinct orientation of Re diamond chains. The two
domains are separated by a coherent boundary (yellow
line) in which the Re diamond cluster is considerably
distorted. The angle between the green and blue
domains is ∼121�. Similar Re diamond chain with
distinct orientations can be found in ReS2 as shown
in Figure 3b where three diamond chains are high-
lighted by blue ribbons as a guide to the eye.
Furthermore, we find that the direction of Re DS-

chains can be altered using electron beam irradiation
at 500 �C. In Figure 3c, the diamond chains are initially
vertically oriented (blue lines), where the five Re clus-
ters are assigned as A, B, C, D, and E with the numbers
labeling Re atoms. At t = 16.8 s, the Re atom No.4 was
displaced downward (vertically in the figure plane) and
the Re atomNo.3moved upward; therefore, the cluster
B1234 transformed to F1243, and consequently C1234 f
G1243, D1234fH1243, and E1234f I1243 as well. Such tiny
Re atom displacements result in altering the orienta-
tion of the Re diamond-like chains (red lines, Figure 3d).

This finding can be extremely important suggesting
that it should be possible to directly pattern the
conducting channel (the schemes on the right side of
Figure 3c and 3d) in the 2D ReS2 by using scanning
electron beam. This “diamond flip” transformation is
more easily seen in Supplementary Movie M1. Such
transformation has been found only in free-standing
single-layer ReS2 and ReSe2, which are free from the
interactions with adjacent layers or substrate.
The diamond flip connects two structures where

Re atoms are shifted along the row as illustrated in
Figure 3e�g. Although the transformation can be
obtained by shifting Re atoms along the chain together
with a small strain on the lattice, it is important to
notice that the two structures, denoted as D1 and D2,
in fact correspond to the same lattice, differing only by
the choice of basis vectors (as illustrated in Supple-
mentary Figure S8b). Nevertheless, if the D1 structure is
forced to the D2 lattice parameters or vice versa, the
energy is increased by 30 meV and with a barrier of
0.64 eV per unit cell. Although the energy difference is
small, it still indicates that small strain can lead to a
situation in which the diamond flip becomes energe-
tically favored. Since the diamond orientation is con-
nected to its neighbors, a single diamond flip event
was not stable in our simulations. Stable structures
could be obtained only by flipping many diamonds
simultaneously, or a full line of diamonds, as shown
in Figure 3g and experimentally in Supplementary
Figure S9 (see also Supplementary Movie M2). This
also indicates that an electron beam can help to over-
come the energy barrier to amore stable structure, but
not induce single diamond flip events.
The lowest energy structure for the diamond-like

chain is always oriented along the shorter basis vector.
Then, even a larger strain, where for example, the b
lattice constant becomes larger than a, should lead to
change in the orientation of the lattice and of the
chains. Independent of how the a and b directions are
strained (within 0�3%), the calculated barriers for the
direction change were found to be always 0.5�0.7 eV.
These barriers are small enough that the transforma-
tion should be easy to initiate by the electron beam at
room temperature and thus the change in the chain
orientation is expected to reflect the local strain.
In addition to external factors, the strain can also be

induced by the creation of chalcogen vacancies under
the electron beam. Both ReS2 or ReSe2 flakes experi-
enced chalcogen atom sputtering under the electron
beam at the employed 60 kV acceleration voltage.
Sulfur vacancies are difficult to observe in ReS2 due
to amuch larger atomic number of Re, but Se vacancies
canbe seen clearly in ReSe2, as illustrated in Figure 4a�d.
Only Se vacancies are observed, and predominantly
in the trenches between the DS-chains. After longer
exposure and larger concentration of vacancies pre-
sent, the DS-chains start to change their orientations.
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To gain further understanding of the sputtering pro-
cess, we carried out DFT calculations aimed at acces-
sing vacancy formation energies and sputtering cross
sections under electron beam. There are four none-
quivalent S (or Se) atoms in the lattice, which are shown
and numbered in Figure 4e. The vacancy formation
energies (Ef) are defined here as

Ef ¼ Evac � Ebulk þ μX

where Evac and Ebulk are the total energy of the system
with the vacancy and pristine supercells; μX is the
chemical potentials of chalcogen S or Se atoms ob-
tained from S8 and Se8 molecules, respectively. The
vacancy formation energies for ReS2 and ReSe2 are

listed in Table 1. The formation energies for these four
vacancy positions differ by as much as 1.2 eV for ReS2
and 0.85 eV for ReSe2. In both cases, chalcogen atoms
at positions 3 and 4, that is, in the trenches, are easier to
be removed, in good agreement with the ADF images
in Figure 4b and previous DFT calculations.37 We also
evaluated the displacement cross sections for sputtering
the chalcogen atoms through knock-on events (shown
in Supplementary Figure S10). Although knock-on dis-
placement may contribute to defect formation in ReS2,
due to a larger mass of Re atoms, its role is minor in
ReSe2, indicating that electronic excitations and/or
etching are involved in vacancy formation. The density
of states for ReS2 with vacancies plotted in Figure 4f

Figure 3. (a) The ADF image of ReSe2. Two domains with different orientations are separated by a twin boundary, which are
marked in blue, green, and yellow line, respectively. (b) The ADF image of ReS2 with divergent diamond chain orientations.
(c,d) The sequential ADF image of ReS2 of changing the orientation diamond chains by electron beam observed at 550 �C.
Scale bar 0.5 nm. The schemes on the right side represent the conduction channel before (blue) and after (red) electron beam
modulation. (e) Atomic structure of ReS2 and the illustration of D1 structure (Re atom marked with blue balls) when b lattice
vector is chosen parallel to the DS-chain: b1 = 6.410 Å, a1 = 6.576 Å, θ1 = 119.8�. (f) Atomic structure of ReS2 after diamond flip
transformation and the illustration of D2 structure (Re atom marked with red balls) when oriented as D1 in panel e: b2 =
6.410 Å, a2 = 6.515 Å, θ2 = 118.8�. This transformation can also be obtained from D1 by displacing Re atoms (along with small
strain along lattice vector b) as illustrated with the orange arrows. (g) Relaxed structure from calculation containing
heterostructure of one D2-chain in otherwise D1 structure ReS2.
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shows occupied states close to valence band maxi-
mum and empty states close to conduction band mini-
mum, which is qualitatively similar to what is found in
other TMDs and should not give rise to doping of the
sample.38

Finally, the structure exhibits another transforma-
tion to a nonstoichiometric phase under an extremely
high dose of electron beam irradiation. We have
noticed that such structural deformation is also highly
anisotropic. An example of the chalcogen-deficiency-
mediated structure transformation of ReS2 is provided
in Figure 5a�d as sequential ADF images (Supplemen-
tary Movie M4). The sulfur atom loss reduces the
spacing between two Re diamond chains by 20.6%
from the original value (∼0.34 nm, blue line pairs) in
the b direction to form more constricted structure
(∼0.27 nm, yellow line pairs). This DS-chain “zip up”
event is commonly observed in the D phase under
electron beam irradiation and found highly orienta-
tion dependent. When three diamond-like chains are

zipped up together (Figure 5e�g), themiddlediamond-
like chain was found to transform into the zigzag chain
structure (the “local Z” phase, yellow zigzag chain, Sup-
plementary Figure S11 and Supplementary Movie M5).
Note that ReS2 accommodates the chalcogen deficit in
a way that is different fromMoSe2, where the Se deficit
gives rise to the formation of mirror twin bound-
aries.39,40 The calculated zipped-up configuration
with the lowest formation energy (see Supplementary
Figure S12), that is, the one most likely to form, agrees
well with the experimental structure seen in Figure 5,
and was obtained from the initial structure having
vacancies only on one side of the ReS2 layer, as might
be expected to form during knock-on sputtering of S
atoms under an electron beam.
On the other hand, sulfur deficiency can give rise to a

distinct phase transformation also in the a direction; as
seen in Figure 5e, two diamondsmarked in greenwere
compressed from thedirection perpendicular to awhen
losing the neighboring sulfur atoms and deformed the
diamond-like 90� rotated shape (Figure 5f). This “dia-
mond flip” transformation leads to a new phase con-
sisting of wider double Re zigzag chain structure found
in the a direction (green zigzag lines in Figure 5g, Movie
M4_DM). We note here that the in situ structural dy-
namics of ReS2 andReSe2 exhibit similar behavior, such as
the diamond flip and zipping-up transformation. These
structural transformations foundhere are anisotropic and
have never been observed in TMDs of group 6.41

Figure 4. (a) The ADF image of ReSe2. Yellow circles indicate the Se monovacancies. (b) More Se vacancies were created by
electron beam. (c) The defective ReSe2 lattice. The Re diamond chains are marked by blue lines. (d) The Re diamond chain
(marked by green lines) in the middle of the ReSe2 flipped 60�-counterclockwise and changed the chain orientation. See
Supplementary Movie M3. Scale bar is 1 nm. (e) Illustration of the nonequivalent chalcogen atom positions, which are also
used to denote the vacancies. (f) Density of states for the four chalcogen vacancies in ReSe2.

TABLE 1. Formation Energies of the Chalcogen Vacancies

for the Four Inequivalent Positions in ReS2 and ReSe2

S/Se vacancy position ReS2 (eV) ReSe2 (eV)

Vx(1) 3.23 2.45
Vx(2) 2.95 2.34
Vx(3) 2.04 1.60
Vx(4) 2.50 1.99

A
RTIC

LE



LIN ET AL. VOL. 9 ’ NO. 11 ’ 11249–11257 ’ 2015

www.acsnano.org

11255

CONCLUSIONS

We showed here that single-layer ReS2 is a stable
n-type semiconductor which exhibits an order of
magnitude difference in anisotropic conduction, un-
like most 2D materials. We also demonstrated the
high performance ReS2 transistor with current on/off
ratio exceeding 1� 106 and mobility of 23.1 cm2/(V s)
along the higher conduction channel. Importantly,
the orientation of the conducting DS-chains in ReS2
and ReSe2 can be altered by electron beam or by
applying external strain or energy sources. We also

showed that the production of vacancies in ReS2 and
ReSe2 under electron irradiation is not spatially uni-
form, and prolong exposure to the electron beam can
give rise to the formation of a new nonstoichiometric
phase in the ReS system, which is also anisotropic.
Our findings provide a new technique for fabricat-
ing and patterning nanoelectronic circuits within a
single-layer ReS2, which can be very important for the
next generation of TMD-based device applications,
and can also open new routes to tailoring the prop-
erties of 2D materials by controllable introduction of
defects.

MATERIALS AND METHODS

Single crystals of ReS2 and ReSe2 solid solutions were grown
individually by chemical-vapor transport (CVT) method. The
method consisted of two steps: First, prior to the crystal growth
the powdered compounds of the rhenium dichalcogenides
were prepared from the elements (Re, 99.95%; S, 99.999%; or
Se, 99.999%) by reaction at 1030 �C for 10 days in evacuated
quartz ampules. To improve stoichiometry, sulfur or selenium
with 2 mol % in excess was added with respect to the stoichio-
metric mixture of the constituent elements. About 10 g of the
elements were introduced into a quartz ampule (19 mm od,
14 mm id, 15 cm length), which was then evacuated to about
10�6 Torr and sealed. The mixture was slowly heated to 1030 �C
and kept 5 days for synthesis of the powdered compounds.
The slowheating is necessary to avoid any explosions due to the
strongly exothermic reaction between the elements. The syn-
thesized powders had been verified by X-ray diffraction and elec-
tron probe microanalysis to confirm that they are single-phase

and stoichiometric powdered compounds. For crystal growth,
the chemical transport was achieved by an appropriate amount
(∼10 g) of synthesized compound together with transport
agent (I2 or Br2 about 10 mg/cm3) placed in a quartz ampule
(22 mm OD, 17 mm ID, and 20 cm in length), which was then
cooled with liquid nitrogen, evacuated to 10�6 Torr, and sealed.
The quartz tube was then placed in a horizontal three-zone
furnace, and the charge was prereacted for 24 h at 800 �C while
the temperature of the growth zone was set at 1000 �C to
prevent the transport of the product. The furnacewas slowly set
to give a constant temperature of 1000 �C across the reaction
tube, and then programmed over 24 h to produce the tem-
perature gradient at which single crystal growth takes place.
Best results were obtained with a temperature setting of about
1060 f 1010 �C for ReS2 and 1050 f 1000 �C for ReSe2 in a
temperature gradient of about �2.5 �C/cm and growth time of
about 20 days. After the crystal growth, the as-grown crystals of
ReS2 and ReSe2 had the shape of thin layer plates with a
thickness of 20 to 100 μm and a surface area of 5 to 200 mm2.

Figure 5. (a�d) Re diamond chains in ReS2 zip up progressively in the b direction. The original diamond chain spacing is
0.34 nmmarked in blue lines. The zipped spacing between diamond chains is 0.27 nmmarked in yellow lines. (e�f) Re zigzag
chain structure (yellow line) can be found in themiddle of zipped triple diamond chains in the b direction. In the a direction, a
new sulfur deficient phase can be foundwhich consists of wider double Re zigzag chainswith awidth of 0.91 nm, that is, three
Re atoms in a segment marked with green lines. Scale bar is 1 nm.
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The weak van der Waals bonding existing in between the layers
of the crystals means that they display good cleavage property
parallel to the layers. The thicker samples can be successfully
thinned out to obtain a limiting thickness, meaning few-layer or
monolayer.
The single- and multilayers of ReS2 flakes were exfoliated

from the CVT bulk crystal onto a degenerately n-doped silicon
substrate capped with a 90 nm dry oxide. The number of ReS2
flakes was predetermined by color contrast, while the crystal
orientation was estimated by the straight edges of the sample.
Contact electrodes (60 nm Au) were deposited on the desired
ReS2 flakes by using standard e-beam lithography and thermal
evaporation. After the electrical transport measurement, the
ReS2 FET device structures were then clean transferred to a TEM
microgrid by removing the thermal oxide using diluted HF.42

The ADF images were taken by JEOL JEM 2100F microscope
with a cold field emission gun and double DELTA correctors
operated at 60 kV. The in situ heating to the sample is used
simply for removing the residual carbon contamination on the
sample surface. A similar diamond-flip transformation can also
be observed at room temperature observation.

Computational Method. Density functional theory calculations
were carried out in the plane-wave basis within the projected
augmented wave framework as implemented in the VASP
software package.43,44 We adopted the Perdew�Burke�
Ernzerhof (PBE) exchange-correlation functional.45 Plane-wave
basis cutoff was set to 500 eV and the Brillouin zone was
sampled with a 6 � 6 k-point mesh. Ionic degrees of freedom
were relaxed until forces were less than 1 meV/Å. The vacancy
calculations were carried out using a 3 � 3 supercell.

The effective mass tensor was calculated by computing the
energy eigenvalues, including spin�orbit coupling, on a fine
(0.005 Å-1) grid near the gamma point and fitting the band
edges to a second degree polynomial, extracting the second
order coefficients as elements of the inverse effective mass
tensor. This 2� 2 matrix was then inverted to give the effective
mass. The effective mass tensor was also calculated using the
Elk code,46 giving the same results.
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