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Two interesting electronic transport properties including in-plane anisotropy and nonhomogeneous
carrier distribution were observed in ReS, nanoflakes. The electrical conductivity defined by the current
parallel to the b-axis (||b) is 32 times higher than that perpendicular to the b-axis (Lb). Similar anisotropy
was also observed in optoelectronic properties in which the ratio of responsivity ||b to Lb reaches 20. In
addition, conductivity and thermal activation energy with substantial thickness dependence were
observed, which indicates a surface-dominant 2D transport in ReS, nanoflakes. The presence of surface
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electron accumulation (SEA) in ReS, has been confirmed by angle-resolved photoemission spectroscopy
and scanning tunneling spectroscopy. The electron concentration (~10*° cm™) at the surface is over
three orders of magnitude higher than that of the bulks. Sulfur vacancies which are sensitive to air mole-
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1. Introduction

Transition metal dichalcogenides (TMDs) are a group of two-
dimensional (2D) layered semiconductors that share a typical
sandwich structure in the form of MX,, where M is a transition
metal (such as Mo, Re, Ti or W) and X is a chalcogen atom
(such as S, Se or Te)."”* The remarkable mechanical and opto-
electronic properties of TMDs make them thought-provoking
for potential use in applications such as high-end electronics,
flexible electronics, optoelectronics, spintronics, and energy
harvesting.>* Recently, rhenium disulfide (ReS,) has gained
researchers’ great attention due to its distinct properties such
as weak inter-layer coupling, electrical, and optical anisotropic
properties.” ® Moreover, ReS, crystallizes in a distorted one-tri-
gonal (1T) phase with lower plane symmetry>'® unlike most
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cules are suggested to be the major factor resulting in SEA and high conductivity in ReS, nanostructures.

explored TMDs such as MoS, and WS, with a 2H phase.'™"'* A
strong electronic and vibrational decoupling produced by this
exceptional crystal structure of ReS, generates some excep-
tional physical and chemical properties. ReS, possesses a
direct band gap from the monolayer (1.43 eV) to the bulk (1.35
eV),”® ™ which is superior to other TMDs with an indirect
bandgap in their bulk form.'®'” This thickness-independent
direct band gap property makes ReS, an ideal candidate for
fabricating novel optoelectronic devices irrespective of the
thickness.

Anisotropy is an interesting phenomenon, in which the
non-symmetry in structure induces angle-dependent pro-
perties that facilitate the modulation of properties with an
extra degree of freedom. ReS, is one of the prominent
materials in which the quasi 1D Re, chains (b-axis) develop
distinct anisotropic properties.’®'® In ReS,, the two aniso-
tropic axes are corresponding to the crystal directions with the
shortest (b-axis) and second-shortest (a-axis) axes with an
angle difference of ~60° or ~120°."%' The unique crystal
structure of ReS, along with its strong in-plane anisotropy
leads to its extensive utilization in the development of func-
tional devices including field effect transistors (FETs), polar-
ized pulse generators, polarization-sensitive photodetectors,
digital inverters, and energy storage and electrocatalysis
devices.""*** Liu et al. demonstrated an integrated digital
inverter by the fabrication of two FETs on the same ReS,
flake."* Liu et al reported a polarization-sensitive photo-
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detector using the anisotropic structure of ReS, and investi-
gated the effect of the polarization angle of incident light on
the photocurrent.>® These findings gave rise to a novel tech-
nique for designing optoelectronic devices that makes use of
the lattice anisotropy. In addition to this, TMDs can be
exploited to develop practical integrated optical applications
by utilizing the unique properties of low symmetry.>®

In general, for a majority of n-type semiconductors, an elec-
tron depletion layer was observed at their surfaces due to the
Fermi level pinned within the band gap. However, some n-type
semiconductors such as InN,>*?* InAs,?® InGaN,?” Sn0,,*® and
In,0;°°° show an electron accumulation layer at the surface
due to the Fermi level pinned above the conduction band
minimum (CBM). Recently, a high electron concentration at
MoS, 3! and MoSe,** surfaces has been observed due to
surface electron accumulation (SEA). In-layered TMD materials
which are dangling-bond-free have less surface states, hence
the SEA in TMDs is somewhat unexpected. The SEA can play a
significant role in novel devices such as photodetectors, gas
sensors, FETs, and catalysis devices.”>™” The availability of
more surface electrons can greatly influence the efficiency of
these devices. Therefore, understanding the origin and nature
of SEA is challenging and of great importance in the design
and analysis of high-performance TMD-based device
applications.

In this work, we have investigated anisotropy in electrical
and optoelectronic properties along with SEA in ReS, nano-
flakes. The dark conductivity and photoconductivity with
charge transport parallel and perpendicular to the crystallo-
graphic b-axis were measured and their ratios were estimated.
In addition, thickness-dependent conductivity and activation
energy were observed, suggesting a surface-dominant elec-
tronic transport. The unique surface characteristic with a high
electron concentration in ReS, single crystals has also been
confirmed and discussed.

2. Results and discussion

2.1. Structural characterization of ReS, bulk crystals

Fig. 1a shows a photograph of a ReS, single crystal with a
length of 6 mm. The XRD pattern of an aligned ReS, single
crystal is shown in Fig. 1b. The existing diffraction peaks at
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14.6, 29.4, 44.7, and 60.9° are consistent with the (001), (002),
(003), and (004) planes of the triclinic 1T structure of ReS,
(JCPDS #520818).>**° The Raman spectrum of ReS, crystals is
presented in Fig. 1c. The observed series of Raman modes are
also consistent with the triclinic 1T structure of ReS,."***° The
most intense peaks identified at 149.5 and 210.1 cm™" with a
full width at half maximum (FWHM) of 2.96 and 3.16 cm™"
respectively are typically first-order E,, (in-plane) and A,-like
(out-of-plane) vibrational modes respectively.>’ The narrow
peak broadening is an indication of high-quality single-crystal-
line ReS, grown by the CVT method. The identified Raman
modes in the range of 100-310 cm™" are attributed to sym-
metry splitting in the 1T structure of ReS,. The second-order
Raman modes were also observed in the region of
310-450 cm .M

2.2. Electrical and optoelectronic anisotropy in ReS,
nanoflakes

2.2.1. Dark conductivity anisotropy. To investigate the an-
isotropy of electronic transport, crystal orientations of individ-
ual ReS, nanoflakes were identified by polarized Raman spec-
troscopy prior to electrode fabrication. Actually, the crystallo-
graphic b-axis of stripped flakes is possible to be recognized by
their geometry. We noticed that ReS, crystals are easier to be
cracked along the b-axis with Re chains. This property makes
the exfoliated nanoflakes rectangle- or stripe-like and the
longer side is mostly parallel to the b-axis. Fig. 2a and b show
the AFM images and height profiles of the ReS, nanoflake
devices with the electrodes fabricated parallel and perpendicu-
lar to the b-axis respectively.

The crystal orientations of the selected nanoflakes for
device fabrication were verified by Raman measurement.
According to the literature, the relative intensity of the Ag-like
peak (210 em™) to E, (150 cm™') reaches the maximal/
minimal when laser polarization is parallel (E||b)/perpendicu-
lar (ELD) to the b-axis. Fig. 2¢ depicts the Raman spectra of a
typical ReS, nanoflake strip measured at E||b and ELb. The
enhanced peaks at 210 cm™' (Ag-like) and 150 em™ (E,,) for
the polarization at E||b and ELb respectively are consistent
with the previous reports.”"*>
long edge of the nanoflakes parallel (Fig. 2a) and perpendicu-
lar (Fig. 2b) to the b-axis was examined and confirmed by the
polarized Raman measurements.

Based on this approach, the
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(a) Photograph, (b) XRD pattern, and (c) Raman spectrum of a CVT-grown ReS; bulk crystal.
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Fig. 2 AFM height profiles and images of (a) a nanoflake ||b and (b) a nanoflake Lb. (c) Polarization-dependent Raman spectra of the ReS,
nanoflakes. (d) /-V curves of ReS, nanoflakes ||b and Lb. The inset shows the SiO; (300 nm)/n*-Si chip template used for the FIB fabrication of ReS,

nanoflake devices.

Fig. 2d shows the I-V measurements of the ReS, nanoflakes
measured along different crystal orientations (||b and Lb). The
linear nature of the curves indicates the good ohmic contact
between ReS, nanoflakes and FIB-fabricated Pt electrodes. To
eliminate the thickness effect on the conductivity, the thick-
ness of nanoflakes ||b (72 nm) and Lb (70 nm) was maintained
almost similar. The conductance with current flow parallel
and perpendicular to the b-axis is respectively denoted as G
and G,, and is obtained from the slope of the I-V curves. The
conductivity (o) values were calculated from the following
equation:*?

I wt [

G:V:677 c=G— (1

~—

where w, ¢, and [ are the width, thickness, and length of the
conducting channel respectively. The calculated conductivities
of nanoflakes ||b (6)5) and 1b (5,5) are 160 and 5 Q™" cm™
respectively. From this result, it is clear that o, is much higher
than 6., (o)»/615 = 32). Theoretically, the conductivity is inde-
pendent of sample dimensions and only depends on two
intrinsic quantities including the carrier concentration (n) and
mobility (u), i.e. 6 = enu, where e is the elementary charge. The
higher o), is consistent with the result in ReS, bulks (oy5/0.5 ~
10), which is attributed to the higher mobility due to the pres-
ence of the strongest bonding force along the crystal orien-
tation of the Re-chains.** The orientation-dependent electron
concentration can be excluded though the conductivity also
depends on the carrier concentration. The temperature-depen-

This journal is © The Royal Society of Chemistry 2023

dent conductivity measurements show both o, and ¢, with
almost the same activation energy of the carrier, which indi-
cates the same donor type and carrier concentration (see
Fig. S1 and Note S1, ESI¥).

2.2.2. Photoconductivity anisotropy. To investigate the an-
isotropy in optoelectronic properties of ReS, nanoflakes,
photoconductivity studies were performed for different orien-
tation nanoflakes. The photoresponse measurements of ReS,
nanoflake ||b and Lb devices were carried out at a bias of 0.1 V
under an excitation wavelength of 532 nm, as illustrated in
Fig. 3a. To obtain the photocurrent values, the dark current
values were subtracted from the response curves. The photo-
current of both nanoflake devices increases with the increase
of light power. The nanoflake ||b shows higher photoresponse
than the nanoflake Lb. The photocurrent (ip) vs. light intensity
(1) plots of the nanoflakes ||b and Lb are depicted in Fig. 3b.
The photocurrent of the nanoflake ||b device is approximately
three times higher than that of the nanoflake Lb device. Both
devices exhibit a linear relationship of the photocurrent and
light intensity, suggesting that the ReS, nanostructures can be
a suitable photodetector material for operation in the linear
region.

Photodetector performance can be evaluated by the respon-
sivity (R) which is defined as the ratio of the generated photo-
current (i) to the incident light intensity (I) on the active area
(A) of a device (R = i,/IA).">*® The R values of ReS, nanoflake
||b and Lb devices were calculated for different light intensities
and are represented in Fig. 3c. An intensity-independent be-
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Fig. 3 Optoelectronic anisotropy in ReS, nanoflakes. (a) Photocurrent response measurements of ReS; nanoflake ||b and Lb devices under escalat-
ing illumination powers at a wavelength of 532 nm and a bias of 0.1 V. The ON and OFF show the illuminating source conditions. (b) The photo-
current versus light intensity and (c) the responsivity versus light intensity of the nanoflakes ||b and Lb.

havior of responsivity of both devices was observed. The
average R values for the nanoflake ||b (Ry;) and Lb (Ryp)
devices are 11.5 + 1.25 and 0.58 + 0.05 AW~ " respectively. The
nanoflake ||b shows better performance compared to the nano-
flake 1b and R is much higher than R, (Rjs/Ry, = 20). The
optimal R value of our nanoflake device ~14 AW is higher
than the reported value (4 A W) for ReS, multilayer photo-
detectors." The higher R could also be explained by the higher
mobility in the nanoflake ||b because R is linearly dependent
on the mobility."”*®

2.3. Dimension-dependent electronic transport properties

2.3.1. Thickness-dependent conductivity. The transport
property studies were all based on the nanoflakes ||b in the
later sections due to the devices of ReS, nanoflakes ||b with
longer length and are easier for FIB electrode fabrication.
Fig. 4a and b depict the conductance and its corresponding
conductivity of ReS, nanoflakes and bulks with various thick-
nesses in the range of 23-222 nm and 10-100 pm respectively.
Theoretically, the conductivity is an intrinsic property and is
independent of the thickness according to eqn (1). However,
the conductivity of nanoflakes shows substantial thickness
dependence, and follows an inverse power law of ¢ « ¢,
where f = 1.1. The conductivity value increases from 12 to 430
Q7' em™, with the thickness decreasing from 222 to 23 nm.
The values of nanoflakes are also nearly three to four orders of
magnitude higher than the bulk values (0.012-0.038 Q'
em™Y). In principle, the nanoflakes were stripped from the
bulk crystals and should have the same defect (doping) con-
centration or conductivity. The increasing conductivity due to
thickness decrease implies that the majority carriers were
dominated by the surface rather than the inner bulk.

2.3.2. Thickness-dependent activation energy. A similar
phenomenon of thickness dependence was also observed in
the temperature (7)-dependent conductivity of a ReS, nano-
flake ||b (¢ = 90 nm) and a bulk (¢ = 10 pm), as shown in Fig. 4c.
The o vs. T curves were normalized by the ¢ at 300 K. The con-
ductivity decrease with the decrease in temperature from 300
to 170 K shows the thermal activation behavior of semi-
conductors. In addition, we noticed that the conductivity of
the nanoflake is less sensitive to the temperature compared
with the bulk. The thermal activation energy (E,) of the

19738 | Nanoscale, 2023, 15,19735-19745

majority carriers was calculated from the slope of the
Arrhenius plot (Ine vs. 1000/T graph) using the equation:*°

o(T) = 6o exp(—E,/kT), (2)

where k is the Boltzmann constant and o, is the conductivity at
T = 0 K. The curve fitting indicates the nanoflake with the acti-
vation energy at 5 meV, which is much lower than the value
(170 meV) of the bulk, Fig. 4d. The distinct activation energy
means different defect (donor) origins of the majority carriers.
This observation also implies that the majority electrons come
from the surface, which is consistent with the thickness-
dependent conductivity result.

2.3.3. Transfer length method (TLM). According to the con-
ventional 3D TLM model, the total resistance (Ry) between two
metal electrodes is given by:*'*°

l
Ry = 2R¢ + Ry :2Rc+p3DE, (3)

where R and Rg are the contact resistance and semiconductor
resistance respectively and p;p, is the resistivity of the 3D con-
ductor. Generally, Ry is linearly dependent on //wt. The values
of Rc and p;3p can be obtained from the linear fitting of the Ry
vs. I/wt plot, as illustrated in Fig. 4e. It is clear that Ry data
points were scattered and do not follow a clear linear relation-
ship with //w¢. However, the Ry vs. I/w curve shows better line-
arity when a 2D conductor is assumed. In a 2D conductor, the
resistance Rg is independent of the conductor thickness and
only depends on the length and width of the conductor.
Hence, the 2D TLM model can be given as:*"

[
RT = ZRC +Rs = 2Rc +/)2D;, (4)

where p,p, is the resistivity of the 2D conductor or sheet resis-
tance.”® The 2D TLM plot is depicted in Fig. 4f. By linear
fitting, the obtained R and p,p are 400 + 350 Q and 1200 *
160 Q respectively. The TLM analysis reveals that ReS, nano-
flakes follow a 2D transport behavior instead of a conventional
3D transport. This result further supports the probable
surface-dominant conduction in ReS,.

In addition, the specific contact resistance (Rgc) of ReS,
nanoflakes with Pt electrodes is given by Rgc = Rew,*' where w
is the width of ReS, nanoflake devices which is typically in the

This journal is © The Royal Society of Chemistry 2023
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Fig. 4 Dimension-dependent electronic transport properties in ReS,. (a) The electrical conductance and (b) the electrical conductivity of ReS,
nanoflake and bulk with different thicknesses. (c) Curves of temperature-dependent conductivity ¢(T) and (d) their corresponding Arrhenius plots for
a ReS; nanoflake (t = 90 nm) and a bulk crystal (t = 10 um). The o(T) values in (c) were normalized by their corresponding conductivity values at
300 K, ¢(300 K), to reveal the different temperature dependence of ¢ between the nanoflake and the bulk. (e) 3D TLM (resistance vs. l/wt) plot and
(f) 2D TLM (resistance vs. [/w) plot of ReS, nanoflake devices. The red dash lines show the fitting of the experimental data points.

range of 0.6-9 pm. The calculated values of Rs¢ for the ReS,-Pt
interface are in the range of 0.24-3.6 kQ pm. These values are
lower than the reported values for the ReS,-Cr interface (5-175
kQ pm)°* which concludes that FIB fabricated Pt electrodes
provide low contact resistance. The low contact resistance
could be due to the formation of a conducting amorphous
alloy layer between Pt and ReS,.*! At the ReS,-Pt interface, the
alloy buffer layer can reduce native oxides, surface contami-
nants, the Schottky effect, and thus the contact resistance. The
low contact resistance produced by FIB has also been observed
in our previous studies in MoS, and MoSe,.*"**

2.4. SEA evidenced by angle-resolved photoemission
spectroscopy (ARPES)

ARPES measurements were performed to get direct evidence of
the surface-controlled transport in ReS,. The valence bands of
the in situ-cleaved (fresh), short aging (20 min exposure in air),
and long aging (11 days exposure in air) surfaces are illustrated
in Fig. 5a-c respectively. Here, the in situ-cleaved surface indi-
cates the fresh surface cleaved in an ultra-high vacuum (<1.8 x

This journal is © The Royal Society of Chemistry 2023

107'° Torr). The band mapping result shows a clear shift in
valence band maxima (VBM) relative to the Fermi level for
different surface conditions of ReS,. The normal emission
spectra at the I" point of different ReS, surfaces are depicted in
Fig. 5d and e. All samples show a sharp valence band edge,
which is an indication of the high crystallinity of the CVT-grown
ReS, single crystals. For the in situ-cleaved surface, the energy
difference between the Fermi level (Ez) and VBM (Ey) is 1.22 eV,
which indicates that the Fermi level is 0.13 eV below the conduc-
tion band minimum (CBM) (Ec), considering that the bandgap of
bulk ReS, is around 1.35 eV.'® The electron carrier concentration
(n) can be calculated from the following equation:>

(5)

n = N¢ exp |:_(E(;C; EF):| )

where N is the effective density of states function in the con-
duction band. The calculated N¢ is 8.35 x 10'®-1.79 x 10"
em™ from Ng = 2(2m.kT/h?)**. Here, m, is the effective
mass of an electron, and # is Planck’s constant. The m;, is in

the range of 0.48-0.8m, for bulk ReS,, where m, is the free

Nanoscale, 2023,15,19735-19745 | 19739
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conditions.

electron rest mass.”>*® The calculated 7 at 5.5 x 10'°-1.2 x 10"
em 2 for the in situ-cleaved surface is lower than the values (1
x 10"%-8.6 x 10"® em™?) of ReS, nanoflakes®>*” and is relatively
close to the value (~5.5 x 10"> ecm™>) of ReS, bulks in the pre-
vious reports,”® which indicates that the fresh surface could
have a quality similar to the bulk interior.

It should be noted that a clear energy shift of VBM from
—1.22 to —1.42 eV was observed for the short aging surface, as
shown in Fig. 5e. The corresponding Fermi level shift to
beyond CBM (Er — E¢ = 0.07 eV) shows the n-type degenerate
semiconductor character and its n value is given by:***®

Ep — Ec = kT {ln (N%) +273/2 <Nic)} ) (6)

The calculated 7 increases to the level of 3.2 x 10'°-6.9 x
10* c¢cm™>. The remarkable increase of the electron concen-

19740 | Nanoscale, 2023,15,19735-19745

tration for over two orders of magnitude compared to the
in situ-cleaved surface confirms that high-density electrons in
the intrinsic (fresh) surface can be easily generated by simple
exposure to air for 20 min. This observation also confirms the
presence of SEA in ReS,. In addition, it is interesting to note
that a longer exposure (11 days) in air did not further increase
but instead decrease the electron concentration. Fig. 5e shows
that the VBM shifts back to —1.30 eV (E¢ — Eg = 0.05 eV) and
the electron concentration drops to 1.2 x 10**-2.6 x 10'® ecm™
for the long-term aging surface.

According to the previous reports, sulfur and selenium
vacancies are the major causes of SEA in TMDs like MoS, and
MoSe,.*"**> In ReS,, among various point defects, sulfur
vacancies have the lowest formation energy (1.16-2.03 eV).>®
The sulfur vacancies are also easier to form due to the rela-
tively weak interlayer coupling and the soft Re-S covalent bond
in ReS,.®° According to DFT calculations, the sulfur vacancies
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in ReS, create localized mid-gap levels close to the conduction
band, which play the role of donors and hence increase the
electron concentration at the surface.’™®* Accordingly, sulfur
vacancies could be the major origin of SEA in ReS,. Sulfur
vacancies behaving like donors in ReS, nanostructures and
monolayers have been verified.®*®* According to the ARPES
results, the variation in the electron concentration of the short
aging and long aging surfaces could be attributed to the phys-
ically adsorbed and chemically adsorbed oxygen/water mole-
cules on the ReS, surface respectively. It is inferred that in the
beginning, sulfur vacancies were created by the reaction of
ambient oxygen/water molecules and the ReS, surface. Free
electrons are provided by the donor-like surface states induced
by the sulfur vacancies, which results in SEA. A similar result
was also observed in MoS,.*" It is likely that partial oxygen
starts to fill in the sulfur vacancies or form certain defect com-
plexes after the SEA reaches saturation in a long enough
exposure time. This is similar to the surface passivation effect
that reduces the surface defect density in many semiconductor
material systems. Xu et al. reported that the O, molecule acts
as an electron accumulator in the interaction of O, and S
vacancies in ReS,.%

2.5. SEA evidenced by scanning tunneling microscopy/
spectroscopy (STM/STS)

STM/STS measurements were performed to further support
the presence of SEA in ReS,. Fig. 6 illustrates the STM images
and STS spectra of ex situ-cleaved, aging (air exposure for two
months), and pristine (non-fresh) surfaces of a ReS, crystal.
The ex situ-cleaved surface indicates the surface cleaved in
ambient air with exposure time <30 min and the “pristine”
surface denotes the crystals with original as-grown surface pre-
served in atmospheric ambience for over 6 months. The con-
duction band edge (Ec) and the valence band edge (Ey) are
obtained from the onsets of the normalized dI/dV curves at
positive and negative sample bias respectively in the STS
spectra. The zero bias (0 V) denotes the Fermi level position
(Eg). Fig. 6d depicts the E¢ right on the Ex (Ec — Ep = 0 eV),
which implies a high electron concentration on the ex situ-
cleaved surface of ReS,. The calculated electron concentration
is 8.4 x 10'®-1.8 x 10" cm™3, which is consistent with the
ARPES result of the short aging sample because the air
exposure times of the two surface conditions are similar
(20-30 min).

For the aging surface exposed to air for 2 months (Fig. 6e),
the Fermi level shows a slightly red shift (Ec — Er = 0.08 eV)
and the electron concentration was reduced to the range of 3.8
x 10'7-8.2 x 10" em™. A similar phenomenon was also
observed by ARPES. In addition, over 6 months long-term
aging makes the Fermi level shift to an even lower energy posi-
tion (Eg — Ep = 0.25 eV), Fig. 6f. The electron concentration
drops to the range of 5.4 x 10'*-1.2 x 10"® cm™. This result
indicates that the electron concentration could be saturated at
the level of 10™ or 10*® ¢cm™ in the ReS, surface due to the
slow passivation effect induced by air (oxygen or water) mole-
cules. The characteristic of SEA in ReS, is different from MoS,.
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The electron concentration increases monotonically and is
unable to be passivated by air exposure in MoS,. The electron
concentration (surface states) increases (generates) and then
decreases (annihilates) due to the interaction with foreign
molecules, which is first observed for TMD layered
semiconductors.

The existence of sulfur defects and oxygen adsorption on
the ReS, surface can be visualized from the STM images.
Fig. 6a-c reveal two types of imperfections (dark and bright
defects) on the ReS, surface. The ex situ-cleaved surface has
only dark defects (Fig. 6a) and such feature of defects has been
reported for TMDs.**®® Plumadore et al. have reported that
the dark contrasts in the STM image of ReS, are due to the
S-vacancies and supported by the simulated STM image.®® The
S-vacancies in ReS, can be attributed to the donor levels close
to the CBM edge.®® Chalcogen vacancy defects in TMDs’>""
are common due to their low vacancy formation energy com-
pared to metal vacancies.>® Hence, the dark defects are likely
the sulfur monovacancies. These sulfur vacancies act as donor-
like surface states and a high carrier concentration was
obtained at the ex situ-cleaved surface. The surface aging for
2 months in air was free from the dark defects and shows only
bright defects (Fig. 6b). Plumadore et al. have reported that the
bright contrasts in STM image are due to the oxygen adsorbed
on the ReS, surface and supported by the simulated STM
image.®® The oxygen adsorbates in ReS, function as accep-
tors.®> Therefore, the bright defects are probably the foreign
oxygen atoms/molecules that could react with the sulfur
vacancies and/or produce acceptor-like surface states and thus
reduce the electron concentration for the surface aging for
2 months. It appears that further increasing the aging time
(>6 months) makes the surface fully passivated and very few
adsorbed oxygen (bright defects) were observed (Fig. 6¢). The
electron concentration goes down to a saturation level because
surface donors (sulfur vacancies) are mostly deactivated
(filled).

2.6. Discussion

The surface band bending induced by SEA in ReS, is shown
schematically in Fig. 7. The donor-like surface states donate
electrons to the conduction band and become positively
charged, which leads to electron accumulation near the
surface and a downward band bending to maintain charge
neutrality. The Fermi level overlapping CBM at the near
surface represents high electron density at the ex situ-cleaved/
short aging surface according to the STS/ARPES results.

In addition, though SEA in ReS, has been confirmed, the
electron concentration at the surface could be time dependent
before the surface becomes stable due to the natural passiva-
tion. Considering that our nanoflake devices are fabricated
without intentionally controlling air exposure time after
mechanical exfoliation, the electron concentration could be in
the range of 10'® to 10'® em™, because the air exposure time
of nanoflakes is approximately 1 to 7 days in our fabrication
process. The electron concentration levels of nanoflakes can
still result in a substantial SEA effect on the electrical conduc-

Nanoscale, 2023,15,19735-19745 | 19741


https://doi.org/10.1039/d3nr04830f

Published on 15 November 2023. Downloaded by Academia Sinica - Taipei on 8/3/2024 9:32:45 AM.

Paper

View Article Online

dI/dvV mAV™)

dI/dvV (nAV™")
s

0.0

dI/dv (nAV™)

Nanoscale
-=- Linear \E,  Exsitu-cleaved
34 -e- Logarithmic ,
0
iﬁ.\.\ l EV ! F10 -
1% %
1 LA -]
Y J ! .' t10° =
RPN
" \ : 3
' (d)
. . ! r — 10"
2 -1 0 1 2
Sample Bias (V)
10"
204 ‘s -=- Linear {E; 2 months in air
7%  -=Logarithmic
o E | N
[ S
Ef i
E10" 2
: | ! :
H £
d : <
[ ! =
‘-_. | =
.‘q\——.i/\—“_ o
1
- O]
1
-2 -1 0 1 2
Sample Bias (V)
- - 10'
s Linear E. Pristine
—e— Logarithmic !
3
h E
R . IEV | f - -
. 3 : E_ Lo’ 2
y 1 £
1 H l >
. Vvl 3 Z2
~, had =
\.\.J' 10°
n 1
! (UN]
1

-1 0 1 2
Sample Bias (V)

Fig. 6 STM/STS results of different surfaces of the ReS; crystal. STM images of (a) ex situ-cleaved, (b) aging (2 months in air), and (c) pristine (non-
fresh) surfaces of ReS; single crystals. The yellow circles denote the dark defects and light blue circles denote the bright defects. The dI/dV curve
measurements of (d) ex situ-cleaved, (e) aging, and (f) pristine (non-fresh) surfaces of ReS, single crystals.

Accumulated free
electrons

Ionized donor-like
surface states

Neutral donor-like
surface states

Accumulation
region

Neutral
region

Fig. 7 Schematic of the energy band with surface electron accumu-
lation in ReS,. The density of surface states (Dss) versus energy plot is
also illustrated.
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tivity compared with the values at 10" to 10'® cm™ in the

inner bulk. This explains why the phenomena of thickness-
dependent electrical properties and surface-dominant 2D
current transport can still be observed by the conductivity, acti-
vation energy, and TLM analyses, as shown in Fig. 4. The
finding of SEA also explains the anomalously high carrier con-
centration (7 = 1.03 x 10"%-8.5 x 10"® cm™) in ReS, nanoflakes
and multilayers in the previous reports.>®>’

3. Conclusions

We have investigated the in-plane anisotropy in electrical and
optoelectronic properties of ReS, nanoflakes. Our results
revealed that the electrical conductivity parallel to the b-axis
(lIb) is 32 times higher than that perpendicular to the b-axis
(Lb). Similarly, optoelectronic anisotropy was also observed, in
which the ratio of responsivity || to Lb reaches 20. The quasi-
2D current flow on the surface in ReS, nanoflakes was pro-
posed based on the dimension-dependent electrical pro-
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perties. Furthermore, the presence of SEA has been confirmed
by ARPES and STS characterization, which supports the
surface-dominant electronic transport in ReS,. Sulfur
vacancies which are sensitive to air molecules are suggested to
be the major factor resulting in SEA and high conductivity in
ReS, nanostructures. This work demonstrates a novel under-
standing of electrical properties of ReS, and the potential of
polarization-dependent optoelectronic devices using its
nanostructures.

4. Experimental
4.1. ReS, crystal growth and characterization

The ReS, high-quality single crystals are grown with the help
of the chemical vapor transport (CVT) technique in the pres-
ence of a transporting agent. Rhenium and sulfur powder were
purchased from Sigma Aldrich with a high purity of 99.99%.
To begin the crystal growth, the powders were first stoichiome-
trically mixed and loaded in the quartz ampoule with dimen-
sions of 2 cm inner diameter and 30 cm long. Next, iodine was
added to the quartz ampoule to transport the vaporized pre-
cursors from higher to lower temperature regions. The precur-
sor elements and iodine-loaded quartz ampoules were evacu-
ated to 10> Torr and vacuum-sealed. Following this, the
ampoule was placed into a two-zone horizontal furnace. The
elemental mix region called the charge zone maintains a temp-
erature of 1080 K, and the empty end of another side of the
ampoule is defined as the growth zone kept at 1030 K. The
ampoule was maintained in this intermediate condition for
two days to allow the precursor to form the ReS, compound
first. Then the temperature was raised to 1390 K in the charge
zone and 1340 K in the growth zone, and maintaining the
temperature for seven days to attain high-quality single crystals
of ReS, Finally, the furnace was cooled down to room tempera-
ture with a slow cooling rate of 20 K min™" to avoid the for-
mation of thermal cracks in the grown single crystals during
cooling. The grown single crystals are retrieved from the
ampoule growth zone region, and the typical dimensions of
the as-grown single crystals were 5 mm x 4 mm x 2 mm in
size. The structural properties of CVT grown crystal were
characterized by X-ray diffraction (Bruker D2 Phaser) and
Raman spectroscopy (Horiba iHR550). The I-V measurements
of millimeter-sized bulk crystals were performed using silver
paste as electrodes.

4.2. ReS, nanoflakes device fabrication and characterization

ReS, nanoflakes were obtained by a mechanical exfoliation
process from CVT grown ReS, single crystals with a typical area
size of a few square millimeters using a dicing tape. The exfo-
liated nanoflakes sizes are in a micrometer scale and the thick-
ness varies between a few nanometers to hundred nanometers.
For the fabrication of nanoflake devices, the individual nano-
flakes were dispersed on the substrate chip of SiO, (300 nm)/
n'-Si with pre-patterned Ti (30 nm)/Au (90 nm) electrodes. The
polarized-Raman measurements (Renishaw inVia Raman
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microscope system) were carried out in backscattering geome-
try with a linearly polarized laser of 532 nm. The two platinum
(Pt) electrical contacts with a thickness range of 100-500 nm
were made on individual ReS, nanoflakes using focused-ion
beam (FIB-FEI Quanta 3D FEWG) technique. A voltage of 30 kv
and a current of 100 pA of ion beam were used for Pt precursor
decomposition. The I-V measurements of ReS, nanoflake
devices were performed by a two-probe method. The thick-
nesses of the nanoflakes were measured using AFM (Bruker
Dimension Icon). The temperature dependent conductivity
measurements were performed in a ultralow current leakage
cryogenic probe station (Lakeshore Cryotronics TTP4). A semi-
conductor characterization system (Keithley 4200-SCS) was
used to source the DC voltage and measure the current.

4.3. ARPES characterization

The ARPES experiment was carried out at the National
Synchrotron Radiation Research Center (NSRRC), Hsinchu,
Taiwan, using a TLS BL21B1 U9-CGM beamline. The photo-
emission spectra of ReS, single crystals with in situ-cleaved
(fresh), short aging (20 min exposure in air) and long aging
(11 days exposure in air) surfaces were recorded in a UHV
chamber (~6.8 x 10™'" Torr) equipped with a hemispherical
analyzer (Scienta R4000, collecting angle = +15°). The photon
energy of 42 eV was used for all sample spectra at room temp-
erature (RT). The polarization vector is invariably in the
angular dispersive plane. The angular and energy resolution
are 0.2° and greater than 23 meV respectively. The samples
were transferred and measured in the analysis chamber with a
base pressure ~6.3 x 10™"" Torr after a 1 hour pumping time.
The in situ fresh surface was cleaved inside the preparation
chamber with a base pressure ~1.8 x 10™'° Torr at RT without
air exposure and was subsequently measured within
10 minutes exposure in the analysis chamber.

4.4. STM and STS characterization

The STS measurements were carried out by variable tempera-
ture scanning tunneling microscopy (VI-STM; Omicron) ultra-
high vacuum chamber with a base pressure of ~6.3 x 10~ "'
Torr. The local density of states (LDOS) of ReS, surfaces (ex
situ-cleaved, air exposure for 2 months, and pristine) was
obtained from the di/dV vs. sample bias curves, which are
measured using the STS technique. The ex situ-cleaved surface
was exposed to air less than 30 min before it is loaded into the
vacuum chamber. The required pressure in the vacuum
chamber was attained in 3 to 4 h and the measurements of all
samples were done at room temperature.
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