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 ABSTRACT 

In-plane symmetry is an important contributor to the physical properties of

two-dimensional layered materials, as well as atomically thin heterojunctions. 

Here, we demonstrate anisotropic/isotropic van der Waals (vdW) heterostructures

of ReS2 and MoS2 monolayers, where interlayer coupling interactions and charge

separation were observed by in situ Raman−photoluminescence spectroscopy, 

electrical, and photoelectrical measurements. We believe that these results could

be helpful for understanding the fundamental physics of atomically thin vdW 

heterostructures and creating novel electronic and optoelectronic devices. 

 
 

1 Introduction 

Semiconductor homojunctions and heterojunctions 

are the crucial building blocks of modern semiconductor 

devices [1, 2], such as transistors, photodetectors, 

light emitter diodes, solar cells, and laser diodes [3‒5]. 

The scaling down of conventional semiconductor 

devices is approaching the limit of miniaturization 

due to issues such as severe short-channel effects, 

tunneling effects, and thermal runaway [6]. One 

solution to this problem is to develop atomically thin 

semiconductor heterojunctions. Graphene and two- 

dimensional (2D) transition-metal dichalcogenides 

(TMDs), with exceptional electronic, optical and 

mechanical properties, have sparked a revolution in 

semiconductor materials over the past several years 
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[7‒10]. The advances in preparation of these ultrathin 

materials have pushed the research of atomically  

thin heterojunctions [11‒13]. In the last two years, 

graphene/h-BN [14, 15], graphene/MX2 [16, 17], MX2/ 

MX2 (MX2, M = Mo, W; X = S, Se, Te) [18] van der Waals 

(vdW) monolayer heterostructures (MHSs) have been 

successfully prepared and offered great potential for 

fabricating electronic and optoelectronic devices. Most 

2D TMDs (MoS2, MoSe2, MoTe2, WS2 and WSe2) that 

have been studied, e.g., graphene, have demonstrated 

isotropic behavior due to high lattice symmetry [19]. 

These MX2 crystals have the common 2H-lattice 

structure, in which molybdenum (or tungsten) atoms 

are sandwiched between two layers of sulfur (or 

selenium, tellurium) atoms to form a trigonal prismatic 

lattice. So far, six kinds of MX2/MX2 (MoS2/WS2, 

MoS2/WSe2, MoS2/MoSe2, MoSe2/WSe2, WS2/WSe2, 

MoS2/MoTe2) [20‒25] MHSs have been fabricated via 

mechanical transfer techniques or a direct chemical 

vapor deposition (CVD) growth process. Both layers in 

these MHSs have the same lattice symmetry, implying 

that their electron transport and linear optical properties 

are largely analogous in the two atomic layers [19, 26]. 

Significantly, lowering the in-plane symmetry in 2D 

ultrathin TMDs could induce interesting anisotropic 

properties of both electrical and optical responses  

[27, 28]. To reveal the subtle influence of the asymmetry 

lattice on the physical properties of ultrathin vdW 

heterojunctions, it is important to develop atomically 

thin heterostructures consisting of both in-plane 

anisotropic TMDs and isotropic TMDs. As a new 

member of the TMD family, rhenium disulfide (ReS2) 

exhibits many exotic properties such as strong in- 

plane anisotropy, weak interlayer coupling, and lack 

of an indirect to direct gap transition [29‒31]. ReS2 

has a distorted 1T crystal structure due to charge 

decoupling from an extra valence electron in the d 

orbital of rhenium atoms [32‒34]. ReS2-based field 

effect transistors (FETs) and digital devices exhibited 

excellent electronic performance [35‒37]. Hence, ReS2 

offers a favorable platform for studying atomically 

thin heterojunctions of in-plane anisotropy. 

In this work, we report a ReS2/MoS2 vdW MHS for 

the first time. We systematically investigate interlayer- 

coupled interactions of the anisotropic/isotropic 

vdW MHS by Raman and photoluminescence (PL) 

spectroscopy. Moreover, ReS2/MoS2 MHS devices 

were fabricated and exhibited well-defined current 

rectification behavior. The results verify the charge 

transfer process at the interface of ReS2/MoS2 MHSs. 

Furthermore, a clear photoresponse was observed 

under illumination, suggesting potential applications 

in optoelectronics. 

2 Experimental section 

2.1 Synthesis of MoS2 monolayers 

A home-built dual-zone CVD horizontal quartz tube 

furnace was used to grow MoS2 monolayers. Sulfur 

powder (99.5%, Sigma-Aldrich) was placed in the 

center of the first zone at a temperature of 230 °C.   

A quartz boat loaded with MoO3 powder (99.99%, 

Sigma-Aldrich) was placed in the second zone near 

the sulfur powder. The distance between sulfur powder 

and MoO3 powder was about 20 cm. The growth 

substrates (285 nm-SiO2/Si) were placed face down 

and put directly on top of the MoO3 powder. The 

second zone was heated to 700 °C and maintained at 

that temperature for 10 min under an argon flow of 

100 sccm followed by natural cooling.  

2.2 Fabrication of ReS2/MoS2 heterostructures 

The ReS2/MoS2 vdW heterostructures are fabricated 

using a mechanical transfer technique. First, MoS2 

monolayers pre-grown by CVD were selected to act 

as the bottom layer. Next, PMMA/PVA double films 

were spin-coated onto the Si substrate, and the ReS2 

monolayer crystal was mechanically exfoliated on top 

of the film.   

Using adherent tape to support the hyaline film, the 

ReS2 monolayer was transferred onto the target MoS2 

monolayer precisely, under an optical microscope. 

Finally, the organic film was removed after immersion 

in acetone.  

Metallic contacts were fabricated by standard electron 

beam lithography, followed by thermal deposition of 

chromium/gold (8 nm/60 nm), and then a lift-off process. 

2.3 Characterization  

Optical microscopy (Leica DM4000M), scanning electron 

microscopy (SEM, FEI NanoSEM 200) and atomic 
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force microscopy (AFM, Nanoscope IIIa, Vecoo) were 

used to characterize ReS2, MoS2 monolayers (ML-ReS2 

and ML-MoS2, respectively) and vdW heterostructures. 

Transmission electron microscopy (TEM, JEOL 2100F) 

was used to directly identify the crystal structure   

of ReS2. In situ Raman and PL measurements were 

performed using a Nanofinder 30 (TII Tokyo Instru-

ments, Inc.) in ambient air at room temperature. The 

excitation source was a solid-state laser with a 

wavelength of 532 nm and a power of 2 mW. No 

significant heating of the samples was observed in the 

spectral measurements. Raman spectra were calibrated 

using the Raman shift of single-crystal silicon at 

520.4 cm−1. Electrical measurements were performed 

using a Lake Shore (CRX-6.5K) probe station and a 

Keithley 4200 semiconductor characterization system. 

Photoresponse was induced by using a 532-nm laser 

with a power density of 30.6 μW·cm−2. 

3 Results and discussion 

ReS2 monolayers were mechanically exfoliated from 

bulk crystals onto Si substrates with a 285-nm SiO2 

layer (Fig. 1(a)). Figure 1(b) shows an AFM image of 

ReS2 monolayer in Fig. 1(a). The height profile of the 

AFM image shows that the thickness of a ReS2 flake 

is ~0.78 nm; the thickness corresponds to a unit cell 

[38]. Most of the exfoliated ReS2 sheets appear in a 

parallel quadrilateral shape with inner angles of ~120° 

or 60° which match the angles between the a [100] and 

b [010] axes of ReS2 (118.97° and 61.03°, respectively) 

as shown in Fig. 1(c). This behavior can be explained 

as a result of the weak breaking strength along these 

two axes [28]. The (100) and (010) lattice planes of the 

ReS2 nanosheets are labeled in the high-resolution 

TEM (HRTEM) image (Fig. 1(c)). The HRTEM image 

also confirmed the high crystallinity of the as-prepared 

ReS2. The selected area electron diffraction (SAED) 

pattern (inset in Fig. 1(c)) demonstrates the 1T structure 

and two crystal directions of ReS2 flakes: [010] and 

[100] [39].  

Numerous Raman vibrational modes were observed 

in the range of 100–550 cm−1 due to the low symmetry 

of ReS2. Figure 1(d) shows the Raman spectra of 

monolayer (ML), multilayer (Multi), and bulk ReS2 

prepared by mechanical exfoliation. It is worth noting 

 

Figure 1 (a) Optical micrograph of an exfoliated ReS2 monolayer on 285 nm SiO2/Si substrate (the region within dotted line). (b) In situ
AFM measurements of the region within dotted line in panel (a). (c) HRTEM image of the ReS2 flakes. Inset: the SAED pattern of ReS2

flake. (d) Raman spectra of the exfoliated ML-ReS2, Multi-ReS2, and bulk ReS2. (e) Plot of four Raman peaks in panel (d) for ML-ReS2, 
Multi-ReS2, and bulk ReS2. (f) PL spectra of the exfoliated ML-ReS2, Multi-ReS2, and bulk ReS2. 
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that the intensity of most Raman peaks is sensitive to 

the thickness of flake, whereas the peak positions 

stay unchanged. This is quite different from other 

TMDs such as MoS2, WS2. We labeled four main 

vibrational modes of ReS2 in the range of 100–200 cm−1 

with Roman numerals I–IV. Figure 1(e) shows the 

positional changes of the four Raman modes (I–IV) 

with a change in the thickness. We can see that   

only Raman mode I shows a significant change with 

thickness. The peak position value changes from 

131.9 cm−1 for bulk and stiffens (blue shifts) to 135.4 cm−1 

of monolayer, whereas the peak positions of II–IV  

for monolayers are slightly different from the bulk 

materials (<1.5 cm−1). The results indicated weak 

interlayer coupling interactions in ReS2. Figure 1(f) 

displays PL measurements on bulk, multilayer, and 

monolayer ReS2 flakes at room temperature. The bulk 

and multilayer PL data show a peak at 1.55 eV, and a 

monolayer PL peak at 1.63 eV. The integrated PL 

intensity increased with the thickness of the sample. 

These results indicate that ReS2 does not have a 

transition from an indirect bandgap in the bulk to a 

direct bandgap in monolayers and is consistent with 

previous studies [40, 41]. 

Figure 2(a) shows an optical micrograph of a ReS2/ 

MoS2 vdW heterostructure prepared by transferring 

 

Figure 2 (a) An optical image of ReS2/MoS2 vdW heterostructures on 285-nm SiO2/Si substrate. (b) and (c) Intensity maps of the ReS2-Eg

and MoS2-E1 
2g

 Raman modes of the sample in panel (a). (d) Raman spectra of the exfoliated ML-ReS2, the CVD grown ML-MoS2, and
the as-transferred ReS2/MoS2 MHS and ML-ReS2/BL-MoS2 vdW heterostructures. (e) Raman spectra of zooming panel (d) in the range
100−250 cm−1 (i.e., the region within purple dotted line). (f) Raman spectra of zooming panel (d) in the range 370−420 cm−1 (i.e., the
region within yellow dotted line). 
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a mechanically exfoliated ReS2 onto a MoS2 crystal 

grown on SiO2/Si substrate. The region indicated by 

the purple arrow corresponds to a ML-ReS2/ML-MoS2 

heterostructure, and the area indicated by the yellow 

arrow corresponds to a ML-ReS2/bilayer (BL)-MoS2 

heterostructure. Raman spectroscopy is sensitive to 

phonon behaviors or the interlayer coupling interaction 

in layered 2D atomic crystals. Figures 2(b) and 2(c) 

show Raman intensity mapping of the ReS2 (Eg mode) 

and MoS2 (E
1 
2g mode), respectively for  the sample in 

Fig. 2(a). Figures 2(d)‒2(f) show the corresponding 

Raman spectra for ReS2/MoS2 heterostructures, ML- 

MoS2, and ML-ReS2, respectively. Figure 2(e) clearly 

displays the change in vibrational modes of ReS2. 

Note that two vibrational modes of ReS2 softened (red 

shifts) by ~1 cm−1 after coupling with MoS2 monolayers 

or bilayers. Furthermore, the interlayer coupling 

interactions also impacted the Raman modes of MoS2. 

We found (Fig. 2(f)) that the in-plane (E1 
2g) vibrational 

mode of MoS2 softened, whereas the out-of-plane 

(A1g) vibration stiffened after coupling with ReS2 MLs. 

The peak frequency difference (Δ) between E1 
2g and 

A1g modes of ML-MoS2 increased by ~1.5 cm−1 after 

coupling with ML-ReS2. The variation of Raman modes 

highlights the interlayer coupling interactions between 

ReS2 and MoS2 heterostructures. 

In situ PL spectroscopy and mapping are performed 

to further verify the interlayer coupling effects in the 

ReS2/MoS2 heterostructures. Figure 3(a) shows the  

PL spatial mapping of MoS2 emission at 1.83 eV, 

corresponding to the sample in Fig. 2(a). We can see 

that the PL emission from MoS2 is significantly quenched 

in the ReS2/MoS2 heterostructure area. Figure 3(b) 

shows the corresponding PL spectra for ML-MoS2 and 

ReS2/MoS2 heterostructures. The PL intensity of MoS2 

decreased by ~78% in the stacked MHS area compared 

with bare ML-MoS2 (line I and II in Fig. 3(b)); the   

PL peak of ML-ReS2 could not be observed in areas 

where the MHSs overlap. The results imply that the 

charge separation occurred in the heterostructure 

region. Additionally, the PL quenching shows that 

type II band alignment probably occurred in the 

ReS2/MoS2 MHS. It is noteworthy that bare ML-MoS2 

had a much stronger PL signal than that of bare 

BL-MoS2; however, the ML-MoS2 showed a much 

weaker PL peak than BL-MoS2, after coupling with 

ML-ReS2 (line II and III in Fig. 3(b)). The result indicates 

that the ReS2/MoS2 MHS had a more effective charge 

separation than ML-ReS2/BL-MoS2 heterostructures. 

In addition, the PL peak of MoS2 blue shifts in the 

ReS2/MoS2 heterostacks. The A exciton and B exciton 

peaks of MoS2 PL spectra arose from the direct band 

gap and strong spin−orbit coupling. We fitted the 

three PL spectra in Fig. 3(b), as shown in Fig. 3(c). The 

A exciton and B exciton peaks of ML-MoS2 blue 

shifted by 17 and 30 meV, respectively after coupling 

with ReS2 monolayers. The blue shifts of the PL peaks 

for ML-MoS2 are an interesting phenomenon, and the 

reason for this is not completely understood until 

now. A possible mechanism is that the blue shifts are 

due to strain effects and charge transfer in the interface 

induced by the top ML-ReS2. In order to exclude the 

influence of the covered ML-ReS2 on the outgoing 

light (PL emission) from the bottom ML-MoS2 layer 

Figure 3 (a) PL intensity map of the emission at about 1.83 eV (MoS2) for the sample in Fig. 2(a). (b) PL spectra in the range of 
1.65−2.13 eV for the three regions indicated in panel (a): ML-MoS2 (I), ReS2/MoS2 vdW MHS (II), and ML-ReS2/BL-MoS2 vdW 
heterostructures (III). (c) The fitted A and B exciton peaks of MoS2 correspond to the three PL spectra in panel (b). 
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in the heterostructure area, we also prepared ML- 

MoS2/ML-ReS2 vdW heteostructures (MoS2/ReS2 MHS) 

on SiO2 (285-nm)/Si substrates, in which ML-MoS2 

was on top of ML-ReS2, by a mechanical transfer 

technique. Note that both layers were dissociated from 

bulk crystals by mechanical exfoliation. Interestingly, 

the intensity of the PL emission peak of MoS2 is 

dramatically quenched in the MoS2/ReS2 MHS  

region as well, as shown in Fig. S2 (in the Electronic 

Supplementary Material (ESM)). This is consistent 

with the ReS2/MoS2 MHS in which ML-MoS2 was 

covered with ML-ReS2. The results further confirm 

effective charge separation in the heterostructure, as 

mentioned above.   

To acquire more information about the junction 

characteristics, we carried out electrical and photo-

electric measurements on ReS2/MoS2 heterostructure 

devices. Figure 4(a) shows a schematic illustration of 

the vdW MHS device of ReS2/MoS2. Before testing the 

electrical characteristics of the ReS2/MoS2 heterojunction, 

we have first characterized the electrical transport 

properties of ML-MoS2 and ML-ReS2 to ensure Ohmic 

contacts were formed. To this end, the ML-MoS2 and 

ML-ReS2 field effect transistors were fabricated on 

Si/SiO2 substrate, with Cr/Au thin film as the source– 

drain contacts, and the silicon substrate as back-gate 

electrodes. Figures 4(b) and 4(c) show the Ids−Vds 

characteristics of ML-MoS2 and ML-ReS2 as a function 

of back gate voltages, respectively. A linear Ids–Vds 

relationship was observed for both MoS2 and ReS2 

layers, implying that Ohmic contacts were formed in 

both materials. Figure 4(d) and Fig. S3(b) (in the ESM) 

show the transfer characteristics of the ML-ReS2 and 

ML-MoS2 devices exhibiting strong n-type semicon-

ductor behavior. We continued to explore the electrical 

transport properties of the ReS2/MoS2 MHS. A clear 

current rectification behavior was observed in (Ids−Vds) 

plots for the MHS device (Fig. 4(e)). The observation of 

current rectification clearly demonstrated that a diode 

was formed within the atomically thin ReS2/MoS2 

heterojunction. In addition, the device based on the 

ML-MoS2/ML-ReS2 heterostructure exhibited excellent 

gate-modulated transport characteristics, and a high 

ON/OFF ratio (up to 106) was observed in the transfer 

curve, as shown in Figs. S3(c) and S3(d) in the ESM. 

Moreover, we evaluated the photocurrent properties 

of these devices using a 532 nm laser. It is evident 

that a clear photoresponse is observed under light 

conditions, as shown in Fig. 4(e). The responsivity (Rλ) 

is an important parameter for an optoelectronic device. 

The responsivity of the device was calculated to be 

35.07 A·W−1 (Vds = 2 V, Vg = 0 V) using the formula:  

Rλ = Iph/PS, where Iph = Ilight – Idark, S is the effective 

area under incident light, and P is the light intensity  

 

Figure 4 (a) Top: schematic diagram of a ReS2/MoS2 vdW heterostructure device. Bottom left and right: optical and SEM micrograph
of the fabricated ReS2/MoS2 MHS device. (b) The Ids−Vds characteristics of ML-MoS2 FET transistor. (c) The Ids−Vds characteristics of 
ML-ReS2 FET transistor. (d) Transfer characteristics of the ML-ReS2 FET transistor. (e) Experimental Ids−Vds of ReS2/MoS2 vdW MHS 
device curves in the dark (black line) and under light illumination (532 nm). 
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(30.6 μW·cm−2). The responsivity determined in this 

work is higher than that of the heteostructures 

composed of in-plane isotropic 2D crystals such as 

few-layer MoS2/WS2 vertical heterojunction arrays 

(2.3 A·W−1) [42], multilayer MoS2/WS2 vdW heteros-

tructure (1.42 A·W−1) [43], few-layer α-MoTe2/MoS2 

heterojunction (322 mA·W−1 for blue and 37 mA·W−1 

for 800-nm photons) [44], and other vdW heteros-

tructures such as GaSe/MoSe2 (30 mA·W−1) [45] and 

GaTe/MoS2 (1.365 A·W−1) [46]. These photoelectrical 

measurements clearly demonstrate that the ReS2/MoS2 

vdW heterostructures exhibit excellent photoresponse 

properties and are promising candidates for fabricating 

optoelectronic devices. 

4 Conclusions 

In summary, for the first time, ReS2/MoS2 vdW 

heterojunctions are fabricated with atomically thin 

geometry and are also atomically sharp. The interlayer 

coupling interactions of the anisotropic/isotropic vdW 

heterostructures have been demonstrated by Raman 

and PL spectroscopy. The electrical and photoelectrical 

measurements also demonstrate excellent electrical 

and photoresponse properties in typical ReS2/MoS2 

heterostacks. We believe that our studies offer an 

interesting platform for fundamental investigations 

of the interlayer coupling of anisotropic/isotropic vdW 

heterostructures, and will be valuable for fabricating 

flexible and transparent optoelectronic devices in the 

future. 
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