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Abstract 

Two-dimensional (2D) heterostructured or alloyed monolayers composed of transition metal 

dichalcogenides (TMDCs) have recently emerged as promising materials with great potential for 

atomically thin electronic applications. However, fabrication of such artificial TMDC 

heterostructures with a sharp interface and a large crystal size still remains a challenge because of 

the difficulty in controlling various growth parameters simultaneously during the growth process. 

Here, a facile synthetic protocol designed for the production of the lateral TMDC heterostructured 

and alloyed monolayers is presented. A chemical vapor deposition approach combined with 

solution-processed precursor deposition makes it possible to accurately control the sequential 

introduction time and the supersaturation levels of the vaporized precursors, and thus reliably and 

exclusively produces selective and heterogeneous epitaxial growth of TMDC monolayer crystals. 

In addition, TMDC core/shell heterostructured (MoS2/alloy, alloy/WS2) or alloyed (Mo1-xWxS2) 

monolayers are also easily obtained with precisely controlled growth parameters, such as sulfur 

introduction timing and growth temperature. These results represent a significant step toward the 

development of various 2D materials with interesting properties.   
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Two-dimensional atomic crystals, especially transition metal dichalcogenide (TMDC) monolayers, 

have drawn considerable attention due to their outstanding optical and electrical properties.1-5 For 

example, TMDC monolayers undergo a transition from indirect to direct band gap when their 

thickness decreases to an atomically thin level,3,6 which make them potential candidates for next-

generation electronic and optoelectronic devices.7-11 Moreover, recent developments in TMDC 

heterostructures have led to important advances in our understanding of their physical properties, 

including efficient exciton dissociation and ultrafast charge transfer.12-15 Thus, many research 

groups have attempted to construct a variety of vertically stacked or laterally connected TMDC 

heterostructures in order to design atomically thin devices.16-21 For TMDC vertical heterostructures, 

several epitaxial growth procedures have been reported,22-24 however, most vertical TMDC 

heterostructures have been commonly employed by stacking different monolayers via physical 

transfer techniques.25-27 Thus, the mismatch in the stacking angle between the monolayers25 and 

the contaminants at the interface26,27 are unavoidable. 

Besides the vertical TMDC heterostructures, a few different strategies for the epitaxial 

growth of lateral TMDC heterostructures have recently been proposed on the basis of one-step24,28-

32 and two-step12,33-38 chemical vapor deposition (CVD). Conceptually, two-step growth processes 

offer a more convenient approach to achieving controlled lateral heterostructures because each 

TMDC monolayer can be grown individually and sequentially. However, the edges of the core 

layer can easily be contaminated when it is exposed to ambient conditions between the first and 

second growth procedures, which can induce a large number of defects near the interface.33 

Consequently, these defect sites can play a significant role in nucleating precursors during the 

second growth step, thus resulting in a change in the growth kinetics. As a result, the two-step 

growth procedure of lateral TMDC heterostructures usually exhibits a composition transition 



4 

 

region at the interface,33 thicker outer-shell layers,33,37 and/or the nucleation on the top of the inner 

core crystal.12 In contrast, the one-step growth approach, which does not need to expose the edges 

of the core layer to ambient conditions, is much more favorable in creating lateral heterostructures 

with an atomically sharp interface. However, it is not easy to achieve the uniformity and 

reproducibility in the one-step synthesis because of the difficulty in controlling various precursors 

and growth parameters simultaneously. Thus, the one-step growth process can suffer from 

precursor mixing and hence produce undesirable alloyed structures at the interface.39,40 Although 

some strategies, such as loading precursors in quartz boats facing down29 and adding a metal 

catalyst to lower growth temperature,24 have been suggested to avoid the interference of vaporized 

precursors, it still remains a challenge to synthesize lateral TMDC heterostructures with a clear 

interface and a large crystal size. 

Here we demonstrate a facile one-pot CVD process for the compositionally-controlled 

monolayer growth of lateral core/shell (MoS2/WS2, MoS2/alloy, and alloy/WS2) heterostructures 

and Mo1-xWxS2 alloys using a solution-processed precursor deposition technique so as to precisely 

control the sequential introduction timing and the supersaturation level of all the precursors. With 

this growth strategy, the metal oxide precursors can be vaporized separately or simultaneously in 

order to synthesize various types of heterostructures and alloys. Furthermore, the crystal size of 

the selectively controlled hetero-epitaxy of MoS2/WS2 monolayer is found to increase up to 160 

um which is attributed to a thermodynamically controlled homogeneous nucleation of the core 

layer. The lateral heterostructures are clearly verified by Raman and photoluminescence (PL) 

spectra as well as transmission electron microscopy (TEM). Compared to the two-step growth, the 

MoS2/WS2 heterostructures grown by our one-step growth have a relatively clear interface. In 

addition, alloyed structures are intentionally obtained in the core or the shell regions of the lateral 
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heterostructures, or over the whole region of the monolayer by controlling the relative vaporized 

amounts of precursors and the growth temperatures. Our growth strategies can be applied to other 

TMDC heterostructures and can provide a number of opportunities for the development of next-

generation electronic and optoelectronic devices.  

Results/Discussion 

Figure 1a,b illustrates the growth procedure of the TMDC heterostructured or alloyed 

monolayers. As previously reported,41 our solution-processed approach makes it possible to 

deposit an extremely small amount of transition metal oxide precursor onto the SiO2 substrates to 

induce a low supersaturation level during the growth process, which in turn leads to the growth of 

large-sized and highly crystalline TMDC monolayers as well as the fast and complete 

consummation of the precursors within a short time frame. This is a crucial point for the successful 

production of lateral heterostructured or alloyed monolayer without any additional undesirable 

nucleation and growth. To apply this strategy to the growth of the TMDC monolayer 

heterostructures and alloys, a MoO3 solution in ammonium hydroxide (NH4OH) was spincoated 

or dropped onto the bottom SiO2 substrate. The weight of the deposited MoO3 film was found to 

be significantly small around ~0.01 mg. For the sufficient supply of tungsten source, tungsten 

trioxide (WO3) precursors were scattered directly onto the growth substrate, using a solution made 

from dissolving WO3 and sodium cholate together in NH4OH, because the vapor concentration of 

the WO3 powder is much lower than that of MoO3 even at a high temperature over 950 °C. The 

heavy weight of the sodium cholate could make it possible to deposit WO3 in the form of particles, 

and its carbon ring structure plays an important role in nucleating TMDC monolayers rather 

easily.42 After the deposition of the precursor, the substrates that have a MoO3 film and WO3 
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particles were loaded on the bottom and the top of the crucible in a furnace, respectively, as shown 

in Figure 1b.  

Our one-step CVD growth procedure at atmospheric pressure employs three main 

parameters to synthesize the various TMDC monolayer heterostructures and alloys by decoupling 

and coupling the MoS2 and the WS2 growth processes: (1) the sulfur vaporization temperature, (2) 

the subsequent growth temperature, and (3) the relative supersaturation level of MoO3 and WO3 

during the synthesis. The four types of monolayer structures laterally grown using our approach 

are summarized in Figure 1c: MoS2/WS2 heterostructures (Type A), MoS2/alloy heterostructures 

(Type B), alloy/WS2 heterostructures (Type C), and alloy monolayer structures (Type D). The 

effect of parameters on the grow behavior were carefully studied and compared as shown in Figure 

S1. From these results, the role of each parameter can be determined as follows, which will be also 

explained in further detail later in this report:  

(1) The sulfur vapor introduction temperature determines whether the core structure will be grown 

as a single MoS2 monolayer or a Mo1-xWxS2 alloy. At a low temperature (~680 °C), a single MoS2 

monolayer is formed inside (Type A & B) because the vaporization and sulfurization of WO3 rarely 

occurs at such comparatively low temperature due to the relatively high vaporization temperature 

of WO3. However, if the sulfur vaporization begins at a high temperature (~840 °C), then MoO3 

and WO3 will be vaporized and reacted with the vapor-phase sulfur simultaneously to yield an 

alloy-type monolayer in the core (Type C & D); 

(2) The subsequent growth for lateral epitaxial growth continuously over the existing core crystal 

edges is mainly implemented at a relatively high temperature (~950 °C) so as to facilitate the 

vaporization of WO3 from the middle to the final growth phase (Type B, C & D). It is worth noting 

that the final growth temperature was kept as low as possible when synthesizing a clear MoS2/WS2 



7 

 

heterostructure (Type A). If the final growth temperature is increased, a narrow MoS2/WS2 alloy 

band is frequently found at the interface of the heterostructure because MoO3 can be vaporized 

violently at a high temperature and coexist with WO3 precursors in the vapor phases until it is 

completely consumed (Structure no. 5 & 6 in Figure S1, and Figure S2); 

(3) The supersaturation level associated with the vapor concentration and pressure of precursors is 

the determining factor in producing the desired heterostructure. The low supersaturation level of 

MoO3 was used to grow the second WS2 material at the edge of the first core crystal by avoiding 

the undesired alloyed formation at the interface or in the shell layer of the heterostructure (Type A 

& C). The high supersaturation level of WO3 was usually employed to promote the formation of 

alloy in the shell layer by maintaining a high vapor concentration of WO3 (Type B & C). Also, 

note that the low supersaturation level of WO3 was used to grow in-plane lateral MoS2/WS2 

heterostructures, whereas vertical heterostructures were frequently found together with lateral 

heterostructures when applying a high supersaturation level of WO3 (Structure no. 1 in Figure S1, 

and Figure S3). Finally, it has shown that the composition of the Mo1-xWxS2 alloy monolayers 

(Type D) can be easily controlled by adjusting the supersaturation level of MoO3 and WO3.  

Figure 2a shows that large MoS2/WS2 lateral heterostructured crystals were grown on the 

SiO2 substrates. It was confirmed that the MoS2 monolayer was grown first at a relatively low 

temperature and then the WS2 monolayers started to grow laterally from the edge of the MoS2 

monolayers. The shape of the synthesized WS2 monolayers tended to follow that of the MoS2 

monolayer, which is very similarly to that found on the other parts of the growth substrate (Figure 

S4). The sizes of the heterostructures were much larger than that of previously reported 

heterostructures, and the size of the triangular crystals reached up to 160 μm (Figure 2b). The 

MoS2 and WS2 regions could be clearly discerned in a single triangular domain due to the optical 
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contrast difference between them (Figure 2c). The MoS2/WS2 heterostructures were further 

examined by Raman and PL spectra (Figure 2d,e). The Raman and PL spectra of the MoS2 and 

WS2 monolayers were obtained from the points marked as red and green dots in Figure 2c, 

respectively. The 2LA(M) resonance peak and the A’1 peak of the WS2 monolayer were clearly 

seen at around 349 cm-1 and 417 cm-1 in the shell region, respectively, while the MoS2 monolayer 

in the core region exhibited two characteristic Raman peaks at around 382 cm-1 and 401 cm-1, 

corresponding to the E’ mode and the A’1 mode, respectively.43,44 Similarly, two distinctive peaks 

at 1.83 eV and 1.97 eV were found in the PL spectra, which corresponds to the emission from the 

MoS2 and WS2 monolayers, respectively.  

To further verify the spatial distributions of the lateral heterostructures, the Raman and PL 

mapping images (Figure 2f-i) were taken from the crystal in Figure 2b. These mapping images 

clearly show that the MoS2 monolayer in the core region interconnected seamless with the WS2 

domain in the outer region. The transition graph of the PL spectra collected at the interface of the 

heterostructure (marked as a white dotted line in Figure 2c) also demonstrates that the MoS2 and 

WS2 regions were clearly separated, and the intermediate state peak, which might have originated 

from alloyed structures at the interface, was not observed at the interface as shown in Figure 2j. 

The formation of the clear interface was further confirmed using an atomic resolution Z-contrast 

scanning transmission electron microscope (STEM) image (Figure 2k). In addition, an in-plane 

MoS2/WS2 device was fabricated to investigate the electrical properties of the heterostructures 

(Figure 2l). The forward bias current is about three orders of magnitude higher than the reverse 

current, which means that the heterostructure device showed a good rectifying characteristic.  

The clear interface and the large sizes of the heterostructures we obtained, especially for 

Type A in Figure 1c, can be explained by considering in more depth our growth strategy. In our 
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growth procedure, an extremely small amount of MoO3 was deposited using a solution-processed 

precursor deposition technique. As a result, the supersaturation level of MoO3 becomes rather low 

during the growth of the first inner MoS2 crystal, and thus the nucleation density decreased 

dramatically, which in turn increases the size of the synthesized crystal as shown in our previous 

report.41 In addition, the interference from vaporized MoO3 molecules was dramatically 

suppressed during the successive growth of the WS2 monolayer because the growth of the MoS2 

monolayers can usually be completed in a short timescale (< 5 minutes) at the early stages of the 

growth process due to the extremely small amount of the MoO3 precursor (~0.01 mg), resulting in 

the MoS2/WS2 lateral heterostructure with a sharp one-dimensional interface. 

To further provide interesting insights into our direct one-step growth process in the 

formation of high-quality in-plane heterostructures, two-step growth processes for lateral 

MoS2/WS2 heterostructures was also conducted (Figure S5). The growth of the MoS2 monolayer 

was followed by the growth of the WS2 monolayer sequentially under similar synthetic conditions. 

Interestingly, unlike a one-step growth, the intermediate state peak was clearly observed in the PL 

measurement in the crystal grown using the two-step growth procedure. The PL mapping and 

spectra show that the intermediate peak was located at 1.91 eV at the interface between the MoS2 

and the WS2 monolayers. This compositional transition region at the interface might be attributed 

to defect sites generated at the edge of the inner layer when the layer was exposed to the ambient 

environment in preparation for the second growth. As a result, a large number of defect sites could 

result in a change in the nucleation and lateral growth kinetics for the subsequent epitaxial 

heterostructure growth process.33 The possibility of the presence of MoO3 precursors during the 

second WS2 growth was excluded because different quartz tubes were used for each of the MoS2 
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and WS2 monolayer growth. In addition, the diffusion-mediated synthesis at a relatively high 

temperature might be another factor causing the formation of the transition region.36 

As shown in Figure 1c, the composition of the core and the shell layers in the 

heterostructures can be adjusted by controlling the growth parameters. For the MoS2/alloy lateral 

heterostructure, the final growth temperature and the amount of the deposited MoO3 were 

increased to 950 °C and 0.1 mg, respectively, to keep the vapor concentration of MoO3 high 

throughout until the outer shell layer had formed. As a result, a Mo1-xWxS2 alloyed monolayer was 

formed in the outer shell (Figure 3a,b). Although the optical contrast is weaker than that of the 

MoS2/WS2 heterostructured monolayer, the alloyed region in the shell could be distinguished from 

the MoS2 monolayer area in the core. The Raman spectra of the MoS2/alloy heterostructure show 

that the corresponding peaks of the MoS2 and the WS2 monolayers were observed simultaneously 

at the outer shell, indicating the formation of an alloyed layer, while only MoS2 monolayer peaks 

were found in the core region (Figure 3c). It is further found that the E’ and the A’1 peaks peaks of 

MoS2 and the 2LA(M) peak of WS2 in the alloyed outer shell became much weaker and broader 

than those typically observed for WS2 monolayers. The PL spectra in Figure 3d also demonstrate 

that the emission energy level of the outer shell (1.87 eV) was found to be within the range between 

those of the MoS2 and the WS2 monolayers, revealing the formation of an alloy heterostructures. 

The uniformity of the core and the outer shell was confirmed by the Raman and PL mapping 

images (Figure 3e). The composition ratio of the outer shell was calculated using the equation, 

𝐸Mo1−xWxS2 = (1 − 𝑥)𝐸MoS2 + 𝑥𝐸WS2 − 𝑏𝑥(1 − 𝑥)                        (1) 
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where 𝐸Mo1−xWxS2, 𝐸MoS2, and 𝐸WS2 are the band gaps of the alloy, MoS2, and WS2 monolayer, 

respectively, and b is the bowing parameter.45 In this case, the composition ratio is found to be x 

= 0.3, which shows that Mo0.7W0.3S2 monolayer was formed in the shell layer.  

Using the lateral epitaxial growth strategy, we have also designed growth parameters so as 

to synthesize an in-plane heterostructure consisting of an alloyed structure in the core and a WS2 

only monolayer in the outer shell as shown in Figure 4a,b. To first form an alloyed layer as the 

core of the lateral heterostructure, the sulfur vaporization started at a much higher temperature 

(840 °C) than that for the growth of the MoS2/WS2 heterostructure in Figure 2. In addition, the 

relatively large amount of WO3 was loaded, while the small amount of MoO3, similar to that for 

the MoS2/WS2 heterostructure growth process, was loaded in order to avoid any unwanted alloy 

reaction during the subsequent epitaxial growth of the outer WS2 shell. The Raman spectrum 

showed that both the MoS2 and the WS2 monolayer peaks were found in the core region, and only 

the WS2 monolayer peaks were observed in the shell area (Figure 4c), confirming the alloy/WS2 

lateral heterostructures were formed. It was also found that the PL spectrum of the alloyed structure 

in the core region was slightly red-shifted and broader, compared to that of the WS2 monolayer in 

the shell region (Figure 4d). Here, the composition ratio was found to be x =0.9. The Raman and 

PL mapping images clearly show that the alloy core region and the pure WS2 shell region are 

separated (Figure 4e). Note that the composition of the alloy core region can be controlled when 

the supersaturation level of WO3 is relatively lowered by adjusting the ratio of the amount of the 

MoO3 and WO3 (Figure S6). In addition, the STEM image (Figure S7) clearly shows distinctively 

clear the Mo1-xWxS2 and WS2 regions in the alloy-WS2 heterostructure, indicating that the dramatic 

suppression of the MoO3 precursor led to avoid any unwanted alloy reaction during the subsequent 

epitaxial growth of the outer WS2 shell.  
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Finally, we demonstrated the possibility that well-organized alloyed monolayers could be 

produced by controlling the relative amount of MoO3 and WO3 and using a high sulfur 

vaporization temperature (~840 °C) and a high growth temperature (950 °C). Figure 5a shows the 

resulting Mo1-xWxS2 alloy monolayer grown laterally on the SiO2 substrate. The PL intensity and 

position mapping images in Figure 5b,c show that the chemical composition and structural 

characteristics are uniform over the monolayer crystal. The emission energy of the alloy monolayer 

was 1.90 eV, which is located almost at the center of those of the MoS2 and the WS2 monolayers. 

The individual Raman spectra collected from the different areas of the alloy structure in Figure 5a 

exhibited almost the same profile, indicating the uniformity of the alloyed monolayer structure 

(Figure 5d). In addition, there was no significant difference in the position and the intensity of PL 

spectrum (Figure 5e). The composition ratio of the alloy monolayer could be easily controlled by 

adjusting the relative ratio of the amount of the MoO3 and WO3, thus we could obtain alloy 

monolayers with controlled energy band gaps. The emission energy level was close to that of the 

MoS2 monolayer when the relative amount of MoO3 was large, and vice-versa (Figure 5f).  

To investigate the excitonic properties of the Mo1-xWxS2 alloy monolayer, the temperature-

dependent PL measurements were carried out as shown in Figure 5g. At a temperature below 100 

K, an additional emission peak at around 1.85 eV was noticeable, and this peak became strongly 

dominant at 4.4 K. As the position of the newly emerged peak was stable with various excitation 

power at 4.4 K and has a broad width, it was thought to be related to bound excitons, compared to 

free excitons located at a high energy level (Figure S8). This shows that there are a number of 

binding sites in the alloy monolayer because Mo and W atoms are randomly distributed and mixed 

together in the crystal, which may be the reason why the bound excitons were observed only at 

low temperatures. The Varshni equation,46 Eg(T) =  Eg(0) – aT2/(T + b), was used to describe the 
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band gap reduction with temperature. The transition of the free exciton was in good agreement 

with the Varshni equation, with Eg(0) = 1.943 eV, a = 4.1 x 10-4 eV K-1, and b = 406 K. However, 

the bound exciton exhibited a transition point at around 75 K. When the temperature increases 

above 4.4 K, the bound excitons can be thermally activated into the free state, thus the peak 

position is expected to be red-shifted. With a further increase of the temperature above 75 K, non-

radiative decay can have a significant effect on the emission process and decrease the decay time. 

These carriers recombine before they reach the lowest energy level in the conduction band, which 

leads to a blue shift in the PL spectrum.47 A dramatic increase of the full-width-half-maximum 

(FWHM) of the bound exciton at around 75 K was also observed, while it remained almost 

constant below 50 K. In contrast, the FWHM of the free exciton increased gradually with 

increasing temperature, similar to those of typical semiconductors. These findings indicate that the 

emission behavior of the alloy monolayer structure can be significantly affected by the 

inhomogeneities and the binding sites in the crystal.  

Conclusion 

In conclusion, large-sized lateral MoS2/WS2 heterostructured monolayers with a clear 

interface have been synthesized directly on SiO2 substrates by controlling the amount of metal 

oxide precursors via a solution-processed precursor deposition technique. The extremely small 

amount of the precursor can reduce its effect during the growth of the shell layer, which makes it 

possible to continuously synthesize lateral MoS2/WS2 heterostructures with atomically clear 

heterogenous junction and a large crystal size up to 160 μm. In addition, lateral MoS2/alloy and 

alloy/WS2 heterostructures have been readily obtained by controlling growth parameters such as 

the temperature at which sulfur is introduced, the final growth temperature, and the supersaturation 

level of MoO3 and WO3. Finally, uniform Mo1-xWxS2 alloy monolayer could also be synthesized 
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with a moderate amount of precursors, and bound excitons have been found to emerge at a low 

temperature and become strongly dominant below 50 K because of the trapped sites that arise from 

the random mixture of different transition metals. The current findings can be of significant 

importance in the utilization of TMDC heterostructure for various innovations in electronic and 

optoelectronic devices.      
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Methods/Experimental 

Preparation of precursor solutions: a MoO3 solution with various concentration (0.1-100 mg/ml) 

was prepared by adding MoO3 powder (Sigma Aldrich) into NH4OH (28-30% solution, Sigma 

Aldrich) in a small vial. The solution was sonicated and stirred over 10 minutes. A WO3 solution 

was also prepared similarly to the MoO3 solution. However, the WO3 solution was sonicated and 

stirred at 90 °C for more than 2 hours because a WO3 powder rarely dissolve in NH4OH at room 

temperature. In addition, sodium cholate was additionally added to the WO3 solution.  

CVD growth of heterostructures and alloys: silicon substrates with 300 nm of SiO2 were used as 

substrates. A MoO3 film was spin coated onto a substrate with a drop of MoO3 solution at 3000 

rpm for 1 minutes, and then annealed at 300 °C for 10 minutes. WO3 particles were scattered onto 

another substrate using a WO3 solution. The substrates containing a MoS2 film and WO3 particles 

were put on the bottom and top of a crucible in a furnace, respectively. Sulfur powder (Sigma 

Aldrich) in another crucible was placed upstream at the edge of the tube. To synthesize various 

type of heterostructures and alloys, sulfur introduction and growth temperature were controlled 

according to the conditions as mentioned in Figure 1c, and the growth time was kept for 5 minutes.  

Raman and PL measurement: Raman and PL measurement: the room temperature Raman and PL 

measurement were conducted in a Jobin Yvon LabRam Aramis Raman spectroscopy using a 532 

nm laser with a power of ~20 μW and a spot size of 1.09  μm2. For the low-temperature PL 

measurement, the sample was mounted in a continuous-flow helium cryostat, and the temperature 

was controlled from 4.2 K to room temperature.  

Device fabrication and measurement: the MoS2/WS2 heterostructure device were fabricated by a 

standard e-beam lithography and lift-off process. The Ti/Au electrodes were deposited by thermal 

evaporation. Electrical measurements were performed at room temperature after thermal annealing 

at around 200 °C for more than 2 hours in vacuum. Finally, characterization of the electrical 

properties was carried out using a Keithley 4200-SCS Parameter Analyzer and a Cascade 

Microtech probe station.   
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Figure 1. Schematic of the growth process of MoS2/WS2 lateral heterostructures and alloys. (a) 

Solution-processed precursor deposition. The MoO3 film was deposited by a MoO3 solution in 

NH4OH while the WO3 particles were scattered by using a WO3/sodium cholate solution in 

NH4OH. (b) Illustration of the synthesis process for the heterostructures and alloys. (c) Condition 

for each monolayer structure. 
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Figure 2. MoS2/WS2 heterostructures grown by a one-pot synthesis. (a) Optical image of the 

MoS2/WS2 heterostructure. Scale bar: 100 μm. (b) Optical image of a large-sized MoS2/WS2 

heterostructure. Scale bar: 50 μm. (c) Enlarged optical image of the interface between the MoS2 

and the WS2 monolayers. Scale bar: 10 μm. (d-e) Raman and PL spectrum collected from the core 

and the shell regions. (f-g) Raman mapping images of the E’ peak of MoS2 and the A’1 peak of 

WS2. (h-i) PL mapping images of the MoS2 and the WS2 emission energy. Scale bar: 50 μm. (j) 

PL transition at the interface of the heterostructure marked with white dots in (c). (k) STEM image 
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of the interface of the heterostructure. Scale bar: 1 nm. (l) Linear I-V curve, optical image (top 

inset) and log scale I-V curve (bottom inset) of the MoS2/WS2 heterostructured device. 
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Figure 3. MoS2/Alloy heterostructures. (a) Optical image of the MoS2/Alloy heterostructure 

monolayer. The contrast of the image was adjusted to show the core and the outer region clearly. 

(b) Schematic of the synthesized MoS2/Alloy heterostructure monolayer. (c-d) Raman and PL 

spectrum collected from the core and the shell layers. (e) Raman and PL mapping images. All 

scale bars: 20 μm. 
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Figure 4. Alloy/WS2 heterostructures. (a) Optical image of the Alloy/WS2 heterostructure 

monolayer. The contrast of the image was adjusted to show the core and the outer region clearly. 

(b) Schematic of the synthesized Alloy/WS2 heterostructure monolayer. (c-d) Raman and PL 

spectrum collected from the core and the shell layers. (e) Raman and PL mapping images. All 

scale bars: 50 μm. 
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Figure 5. Mo1-xWxS2 Alloy monolayers. (a) Optical image of the Mo1-xWxS2 alloy monolayer. 

(b) PL intensity mapping image at 1.90 eV. (c) PL position mapping image. All scale bars: 20 

μm. (d-e) Raman and PL spectrum collected from the marked points in (a). (f) PL spectrum of 

the composition ratio-controlled alloy monolayers. (g) Temperature-dependent PL spectrum of 

the alloy monolayer. (h) Peak position of the free excitons and the bound excitons as a function 

of temperature.  (i) FWHM of the free excitons and the bound excitons as a function of 

temperature.  
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