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ABSTRACT 

Artificially engineered Janus transition metal dichalcogenides (TMDCs) feature distinct 

chalcogen atoms on their top and bottom layers that break mirror symmetry, which is expected to 

alter exciton dynamics and exciton–phonon interactions. Here, we present direct experimental 

evidence for the dipolar nature of excitons in high-quality Janus WSSe monolayers. Spatial 

imaging of exciton emission reveals that the exciton diffusion length in Janus WSSe is almost 

twice that of WS2, which is attributed to electron–hole spatial separation induced by the intrinsic 

out-of-plane electric field. Furthermore, temperature-dependent photoluminescence 

measurements indicate significantly enhanced excitonic linewidth broadening of WSSe above 

100 K, arising from stronger exciton–phonon scattering via additional optical phonons. These 

findings highlight the pivotal role of intrinsic structural asymmetry in governing radiative and 

non-radiative processes in Janus TMDCs and offer insights into their potential for excitonic 

device applications.  

 

INTRODUCTION 

Two-dimensional (2D) transition metal dichalcogenides (TMDCs) with strong confinement 

and reduced Coulomb screening host bound electron-hole pairs (excitons) with large binding 

energies exceeding 500 meV, making them stable even at room-temperature 1,2. These intralayer 

excitons govern optical responses in TMDC monolayers, play a crucial role in determining light–

matter interactions and carrier transport, and hold great potential for excitonic devices including 

light-emitting diodes and lasers.3–5 In TMDC heterostructures with type-II band alignment, on 

the other hand, spatially separated electron-hole pairs form electrically tunable interlayer 
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excitons with permanent out-of-plane dipole moments.6 Compared to intralayer excitons, these 

interlayer excitons have longer radiative recombination lifetime, diffusion length, and valley 

depolarization lifetime.7,8 

Artificially engineered Janus TMDCs, such as WSSe, introduce an additional degree of 

freedom to conventional TMDCs by incorporating structural asymmetry, which gives rise to an 

intrinsic electric field and modifies the phonon modes—which are predicted to significantly 

influence exciton dynamics and exciton–phonon interactions. In particular, the presence of an 

out-of-plane electric field is expected to alter the electron-hole wave function overlap and create 

dipolar intralayer excitons.9–12 Recent studies have shown longer exciton radiative recombination 

lifetimes in Janus TMDCs compared to conventional symmetric TMDCs, supporting previous 

theoretical predictions.13,14 These dipolar intralayer excitons can be considered as analogous to 

the interlayer excitons in TMDC heterostructures but benefit from a simpler monolayer structure 

that avoids moiré potential traps known to be detrimental to interlayer excitons.15–17 In this 

context, Janus TMDCs offer an appealing platform for applications requiring long exciton 

diffusion lengths combined with strong light absorption. However, due to challenges in growing 

high-quality and large-area Janus monolayers, a comprehensive assessment of the effect of 

structural asymmetry on the excitonic properties remains largely unexplored. 

Here, we report the growth of high-quality Janus WSSe via a fully chemical vapor deposition 

(CVD)-based approach using a parent WS2 monolayer. The CVD-grown WSSe and WS2 

monolayers are sandwiched between hBN layers. We then investigate the effect of intrinsic 

electric field on the excitonic properties of Janus WSSe by direct comparison with WS2. The 

spatial extent of exciton diffusion is directly captured by using a spatially resolved 

photoluminescence (PL) imaging technique. We demonstrate that excitons in WSSe propagate 
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farther away from the excitation spot, creating a significantly wider exciton cloud compared to 

WS2 excitons. This effect is attributed to the intrinsic electric field in Janus WSSe, which 

spatially separates electrons and holes, leading to the formation of dipolar excitons. This 

observation is further corroborated by the increased exciton diffusion length of WSSe at higher 

excitation densities, resulting from the repulsive interactions between dipolar excitons. 

Additionally, exciton linewidths in Janus WSSe exhibit a much stronger dependence on 

increasing temperature. The linewidth broadening is attributed to enhanced exciton-phonon 

interactions driven by additional scattering channels introduced by optical phonons due to the 

inherent out-of-plane asymmetry. 

 

RESULTS AND DISCUSSION 

Preparing high-quality hBN-encapsulated WSSe and WS2 monolayers. Figure 1(a) 

illustrates the fabrication steps starting from the growth of the parent TMDC (WS2) to 

encapsulation of TMDCs with hBN layers. First, WS2 monolayer is grown on sapphire substrate 

by CVD. Subsequent selenization is performed in another chamber by exposing WS2 to Se vapor 

under controlled temperatures (see Fig. S1 for details). Temperatures lower than 870 °C typically 

do not lead to Janus structure but instead cause random selenization around the edges or grain 

domains. Substrate temperatures higher than 900 °C typically cause complete conversion of WS2 

into WSe2 with some randomly alloyed domains. A substrate temperature window of 870–900 

°C was identified to achieve the Janus WSSe structure in our CVD reactor. In this range, we 

observe Janus WSSe formation and its progress, which starts from the edges of the monolayer or 

from the grain boundaries in the case of merged monolayers.  
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The transformation from WS2 to Janus WSSe was confirmed by Raman spectroscopy as shown 

in Fig. 1(b). The Raman spectrum of WS2 features typical 2LA+E2g and A1g modes at ~353 cm−1 

and ~418 cm−1, respectively.18 After selenization, we observed the 1A1 mode at ~284 cm−1, E2 at 

~329 cm−1, and 2A1 at ~420 cm−1, which are characteristic of Janus WSSe.19,20 The absence of 

Raman modes related to WS2, as well as the emergence of new Raman modes after selenization, 

confirms the formation of the Janus structure. 

The Janus WSSe structure is further confirmed by high-angle annular dark-field scanning 

transmission electron microscopy (HAADF-STEM) [Fig. 1(c)]. As S and Se atoms are aligned in 

the out-of-plane direction, the sample is titled ~15° in X-Y plane to observe S and Se atomic 

contrasts. The inset is an enlarged STEM image with an overlapped WSSe atomic model. From 

the image, W, Se, and S atomic contrasts are clearly observed. In addition, we did not observe 

any chalcogenide defects within the scanned areas, which confirms that the parent WS2 already 

has low defect density and that sample heating during the selenization process does not introduce 

defects to the bottom chalcogenide layer. In 0° tilt STEM images of WSSe and WS2 (see Fig. 

S2), S2 and S+Se atomic contrasts are also clearly distinguished from the line profiles.  

To minimize the substrate induced doping and environment-related effects on the optical 

properties, WS2 and WSSe monolayers are encapsulated between hBN layers, which provide a 

flat surface and protect the TMDCs from the environment.21 An optical image of a 

hBN/WSSe/hBN stack on SiO2/Si substrate is shown in Fig. 1(d). To create this stack, we 

developed a delamination and transfer method, which enables the formation of clean interfaces 

without contamination (see Methods in SI). The PL spectra of hBN-encapsulated WS2 and WSSe 

measured at RT are shown in Fig. 1(e) (see Figure S3 for the PL spectrum of as-grown samples). 

The WSSe PL emission energy is around 1.87 eV and that of WS2 is around 1.99 eV. The PL 
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spectrum of both WSSe and WS2 are well-fitted by two Voigt profiles, where we assign high 

energy peaks to neutral exciton (X0) and low energy peaks to trion (XT) emissions (see Fig. 

S4).22–24 From Voigt fitting we also determined the neutral exciton linewidths and peak position 

energies. Figure 1(f) compares exciton linewidths and peak position distributions obtained from 

large-area PL mapping (see Fig. S5) on as-grown and hBN encapsulated monolayers. Compared 

to the as-grown samples, linewidths in encapsulated samples are considerably narrower and 

show a very uniform distribution. For as-grown WSSe (WS2), the average exciton linewidth is 

~63 meV (~45 meV). For encapsulated WSSe, the average exciton linewidth is ~51 meV, while 

it is ~26 meV for encapsulated WS2. The exciton linewidth of encapsulated WS2 is comparable 

with those of exfoliated flakes (23–25 meV).21 This confirms the high quality of our as-grown 

WS2, which we consider to be crucial for achieving high-quality Janus samples, as chalcogenide 

defects at the bottom layer and transition metal defects are inherited from WS2. Further, the 

average linewidth of ~51 meV in encapsulated WSSe is one of the best values reported among 

all-CVD-grown Janus TMDCs and comparable to those synthesized using exfoliated TMDCs.25–

27 We attribute this to the high crystal quality of the parent WS2 and sequential selenization 

process that minimized defect formation (see Fig. S6). 

Exciton diffusion in Janus WSSe. To investigate the effect of the intrinsic electric field 

induced by the out-of-plane asymmetry on the excitonic properties of Janus WSSe, we 

performed spatially resolved PL mapping, as it is a direct method to visualize the extent of 

exciton diffusion. Spatially resolved PL images of WS2 and WSSe taken at 77 K are shown in 

Fig. 2(a) along with an intensity distribution of a 532-nm excitation laser as a reference. The data 

were acquired from an area of WSSe grain where PL intensity is strong and linewidth that 

corresponds to the overall average to minimize the effect of local inhomogeneities (see Fig. S4). 
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The spatially resolved PL images from WS2 are comparable to that of the laser; there is only a 

slight widening of the emission from the excitation spot. For WSSe, however, PL emission 

extends significantly farther away from the excitation spot. We note that the PL emission of 

WSSe is slightly elongated along the y-axis, likely due to the measurement spot being positioned 

near the flake edge, which restricted exciton diffusion along the x-direction closer to the edge. 

Figure 2(b) shows the emission intensities as a function of radial distance (r), which were 

extracted by averaging PL line profiles along the x and y-axis from the spatial images acquired at 

5-µW excitation power. From the radial profiles, it becomes clear that WSSe PL emission comes 

from a broader area compared to WS2, suggesting increased diffusivity of excitons. The exciton 

diffusion length (LD) in a 2D system can be calculated by using the relation,28,29 

𝐿! =	$𝜎" − 𝜎#$%&'"      (1) 

where s and sLaser are Gaussian covariances that fit the line profiles of the TMDC PL intensity 

and the laser profile, respectively. We fitted each profile in Fig. 2(b) with a Gaussian function 

and extracted the profile widths as the variance. From the fits, we found diffusion lengths of ~0.6 

µm for WS2 and ~1.1 µm for WSSe. The diffusion length of excitons in WS2 agrees well with 

the previously reported values,30–32 

The radiative recombination rate, hence the exciton diffusion length, of a monolayer TMDC is 

proportional to the square of the electron-hole wavefunction overlap probability, ∣ϕe,h (r = 0)∣2 (r 

is the relative distance).33,34 We note that the LD is determined by the recombination lifetime and 

the diffusion coefficient, which are affected by radiative recombination process and non-

radiative recombination processes such as exciton-phonon scattering.35 Since the diffusion length 

measurements are conducted at 77 K—where exciton–phonon interactions are significantly 
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suppressed in both WS₂ and WSSe as discussed below—we attribute the difference in diffusion 

length primarily to the intrinsic out-of-plane electric field in Janus WSSe. As illustrated in Fig. 

2(c), electron (ψe) and hole (ψh) wavefunctions in monolayer TMDCs overlap, causing short 

exciton lifetimes and diffusion lengths. On the other hand, excitons in Janus WSSe monolayers 

resemble the interlayer excitons in TMDC heterostructures.36 We consider that the intrinsic 

electric field caused by structural asymmetry in Janus WSSe spatially separates electron and hole 

of exciton as it pushes the carriers to opposite directions within the monolayer and reduces the 

spatial overlap of ψe and ψh as shown in Fig. 2(d). In the case of Janus TMDCs, the separation of 

electrons and holes lowers the radiative recombination rate by decreasing ∣ϕe,h (r = 0)∣2 and 

giving relatively weaker oscillator strengths. This leads to a longer exciton lifetime, allowing 

excitons to diffuse farther into the Janus TMDC lattice [Figure 2(a) and (b)].14  

We now turn our attention to the excitation power dependence of exciton diffusion, which 

provides insights into exciton–exciton interactions. Representative spatial PL images taken at 

excitation powers of 5 µW and 88 µW are shown in Fig. 3(a) and (b), respectively. At the 

highest excitation density, the PL signal from WSSe expands significantly farther from the 

excitation spot, while no noticeable change is observed in the PL signal of WS₂. Figure 3(c) 

shows the PL line profiles of WSSe at various excitation powers (see Fig. S7 for WS2 line 

profiles). The extracted diffusion lengths from line profiles are plotted Fig. 3(d) as a function of 

excitation power. LD of WS2 does not show any clear excitation power dependence with an 

average value of ~0.6 µm. In contrast, while the LD of WSSe exhibits small variation at lower 

excitation powers, it shows a significant increase at higher excitation densities, reaching 

approximately 1.6 µm at 88 µW, where exciton-exciton interactions become dominant. This 

further confirms the dipolar nature of excitons in WSSe, as repulsive dipole interactions result in 
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longer diffusion lengths with increasing exciton density.36–38 Although a clear increase in exciton 

diffusion length was observed in WSSe with increasing excitation power—consistent with 

exciton–exciton repulsion—the PL spectra did not exhibit a noticeable blue shift (see Fig. S8). 

This behavior may be attributed to band renormalization in WSSe that compensates the blue shift 

due to stronger exciton–phonon coupling as discussed below, and/or dominant trion emission at 

higher excitation powers, where trion emission shows a super-linear power dependence (see Fig. 

S4). 

Exciton-phonon interactions. The structural asymmetry not only affects the radiative 

recombination but also non-radiative recombination processes such as phonon scattering, as it 

introduces new Raman modes that excitons can scatter. The exciton linewidth, in this context, is 

an important parameter to understand exciton dynamics as it is directly related to the intrinsic 

features of the exciton and its interactions with the phonons.39 We performed temperature-

dependent PL measurements and investigated the evolution of exciton linewidth and exciton 

energy with temperature. In Fig. 4(a) and (b), we plot the PL spectra at various temperatures 

ranging from 4 K to room temperature for encapsulated WS2 and WSSe, respectively. The X0 

linewidth is as narrow as 23 meV for WSSe at 4K (see Fig. S9) with a clear red shift of its 

emission energy with increasing temperature. Figure 4(c) and (d) plot the temperature 

dependence of X0 emission energies and linewidths for WS2 and WSSe, respectively. The 

temperature dependence of the X0 emission energy is fitted by the semiempirical formula given 

by,40 

𝐸( = 𝐸((0) − 𝑆〈ℏ𝜔〉 1coth 6
〈ℏ+〉
"-!.

7 − 19   (2) 
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where Eg(0) is the PL peak energy at 0 K, S is a dimensionless coupling constant related to the 

strength of exciton-phonon coupling, 〈ħω〉 is the average phonon energy, kB is the Boltzmann 

constant, and T is temperature. For WS2, the fit gives Eg(0) = 2.05 eV, S = 1.7, and 〈ħω〉 = 

0.0128 eV. For WSSe, it gives Eg(0) = 1.932 eV, S = 1.9, and 〈ħω〉 = 0.0186 eV (see Table S1). 

The higher value of S for WSSe indicates a stronger exciton-phonon interaction in WSSe 

compared to WS2. 

For both WS2 and WSSe, linewidth broadens with increasing temperature, which is caused by 

the exciton scattering through phonons. In the case of WSSe, linewidth broadening above 100 K 

is much more drastic than at WS2. The linewidth broadening due to exciton-phonon scattering 

can be described by the following relation,41,42 

Γ = Γ/ + 𝐴𝑇 +
0

1234〈ℏ$〉&!'
567

    (3) 

where G0 is the temperature-independent contribution to the linewidth broadening, and A and B 

are the exciton-phonon coupling constants for the acoustic and optical phonons, respectively. 

From the fitting, we extract the values for WS2 as G0 = 11.5 meV, A = 0.021 meV/K, and B = 5.8 

meV. For WSSe, the extracted values are G0 = 23.5 meV, A = 0.024 meV/K, and B = 26.02 meV. 

We note that the G0 of WSSe is much larger than that of WS2.	 Although we were able to achieve 

a significantly narrower linewidth in Janus WSSe through hBN encapsulation and defect 

reduction via a sequential selenization process, compared to previous reports, we consider that 

the defect density in Janus WSSe is higher than parent material WS₂. As a result, the 

temperature-independent linewidth component (Γ₀) in Janus WSSe is larger, attributed to 

inhomogeneous broadening caused by residual defects.41,43 Using the values obtained from the 
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fitting, we calculated the contribution of acoustic and optical phonon scattering to the linewidth 

broadening at room temperature, and we compare the results for WSSe and WS2 in Fig. 4(e). 

Here, it becomes clear that linewidth broadening through optical phonons is much more 

prominent in Janus WSSe. In WS2 monolayer, carrier scattering at elevated temperatures (>100 

K) takes places through longitudinal (LO) phonons via the Fröhlich interaction.44,45 In the case of 

Janus WSSe, we consider that enhanced phonon coupling might be due to the additional 

scattering channels introduced by the emergence of new Raman modes arising from out-of-plane 

symmetry breaking. In Janus WSSe, we observe two out-of-plane Raman modes, namely 1A1 

(ZO1) and 2A1 (ZO2) (Fig. 1(b) and Fig. S10). A recent theoretical study on Janus MoSSe has 

shown significantly large carrier scattering rates originating in zone-center optical phonons (the 

ZO1 mode in particular) compared to those of MoS2.46 In addition, exciton formation time in 

Janus TMDCs has been found to be 30% faster than their conventional counterparts,13 which can 

be attributed to enhanced phonon scattering.47 As illustrated in Fig. 4(f), in addition to LO 

phonons, extra scattering channels from ZO phonon modes may lead to enhanced exciton-

phonon scattering, causing significantly broader linewidths of WSSe at room temperature 

compared to its parent WS2. 

In summary, we experimentally demonstrated the dipolar nature of excitons in Janus WSSe 

monolayers. The intrinsic electric field reduces the overlap of electron-hole wavefunctions, 

allowing excitons to diffuse over greater distances. As a result, the exciton diffusion length in 

Janus WSSe is significantly larger compared to WS₂. At higher excitation densities, the exciton 

diffusion length increases further due to enhanced interactions between dipolar excitons in Janus 

WSSe. Additionally, the enhanced exciton–phonon coupling observed in WSSe likely originate 

from the crystal asymmetry, which reshape phonon scattering dynamics. Our findings provide 
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direct experimental evidence supporting theoretical predictions that Janus TMDCs host dipolar 

excitons with distinct transport and recombination characteristics arising from their distinctive 

structural asymmetry. These unique features of Janus excitons position them between the 

strongly bound intralayer excitons in conventional TMDCs and the interlayer excitons in TMDC 

heterostructures, where moiré potentials localize excitons, effectively shortening their diffusion 

length despite their substantially longer lifetimes compared to intralayer excitons.15 In contrast, 

the monolayer structure of Janus TMDCs provides a uniform potential landscape for excitons 

while retaining the benefits of an intrinsic dipole. In this context, dipolar excitons in Janus 

TMDCs can be ideal for photodetectors and photovoltaic applications where long exciton 

diffusion and high absorption efficiency are needed.48 As recently suggested by theoretical 

calculations, by stacking a few layers of Janus TMDCs, electron and hole separation can be 

further enhanced and even lead to the creation of intrinsic p-n junctions.49 
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Figure 1. CVD growth and optical quality of Janus WSSe. (a) An illustration of the steps 

involved for growing Janus WSSe and hBN encapsulation. (b) Raman spectra of as-grown 

monolayer WS2 (blue) and WSSe (red). (c) Tilted HAADF-STEM image of WSSe. The inset is 

an enlarged image and an atomic model of WSSe overlaid on the image. Scale bar is 1 nm. (d) 

Optical micrograph of WSSe encapsulated by hBN layers on SiO2/Si substrate. Black and white 

dashed lines highlight the bottom and top hBN layers, respectively. The red dashed line marks 

the WSSe monolayer. Scale bar is 10 µm. (e) PL spectra of hBN encapsulated WS2 (blue) and 

WSSe (red). Both PL spectra are fitted with two Voigt functions. The low-energy and high-

energy peaks are assigned to trion (XT) and exciton (X0) emissions, respectively. (f) X0 peak 

position and linewidth distribution of hBN encapsulated WS2 and WSSe in comparison with as-

grown samples. The data were extracted from large area PL maps. 
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Figure 2. Spatial PL imaging. (a) Spatial PL images of the encapsulated WS2 and WSSe 

captured by a CCD camera at 77 K. All PL images were acquired with an excitation power of 5 

µW. White dashed circles correspond to ~1/e of the maximum PL intensity. (b) Normalized PL 

intensity profile of WS2 (blue dots) and WSSe (red dots). The laser profile is shown by grey 

dashed line. PL profiles extracted from the PL images given by averaging radial profiles along 

the x and y axis as shown by the green dashed lines in panel (a). PL profiles are fitted by a 

Gaussian function to extract diffusion lengths according to Eq. (2). (c) and (d) Atomic model 

illustrations of hBN encapsulated WS2 and WSSe monolayers, respectively. Wavefunctions of 

electrons (ψe) and holes (ψh) are overlapped in WS2, while for WSSe, the intrinsic electric field 

(E) pointing from Se to S atoms separates the electrons and holes. 
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Figure 3. Excitation power dependence of diffusion length. (a) and (b) Spatial PL images of 

WS2 and WSSe obtained at 5 and 88 µW, respectively. For WSSe, the exciton cloud becomes 

noticeably wider at 88 µW, whereas no significant change is observed in WS2. (c) PL line 

profiles at various excitation powers for WSSe. (d) Excitation power dependence of diffusion 

length (LD) for WS2 (blue dots) and WSSe (red dots).  
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Figure 4. Effect of structural asymmetry on exciton-phonon interactions. (a) and (b) 

Temperature dependent PL spectra of WS2 and WSSe, respectively. Dashed lines highlight the 

blue shift of the X0 peak with decreasing temperature. (c) and (d) Plots of peak position and 

linewidth of X0 as a function of temperature for WS2 and WSSe, respectively. The solid lines are 

fits to the data. (e) Histogram comparing the contributions from optical (GOptical) and acoustic 

(GAcoustic) phonon scatterings to linewidth broadening at room temperature (RT). (f) Schematic of 

exciton dynamics in WSSe at RT. Photon absorption upon off-resonance excitation forms hot 

excitons in the monolayer. Then, these excitons scatter through ZO and LO phonons. Scattering 

through optical phonons cause nonradiative broadening of exciton linewidth. Finally, excitons 

inside the light cone recombine radiatively (grad.). 
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