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ABSTRACT 

Charge separated interlayer excitons in transition metal dichalcogenide (TMDC) 

heterobilayers are being explored for moiré exciton lattices and exciton condensates. The 

presence of permanent dipole moments and the poorly screened Coulomb interaction make 

many body interactions particularly strong for interlayer excitons. Here we reveal two 

distinct phase transitions for interlayer excitons in the MoSe2/WSe2 heterobilayer using time 

and spatially resolved photoluminescence imaging: from trapped excitons in the moiré-

potential to the modestly mobile exciton gas as exciton density increases to ne/h ~ 1011 cm-2 

and from the exciton gas to the highly mobile charge separated electron/hole plasma for ne/h 

> 1012 cm-2. The latter is the Mott transition and is confirmed in photoconductivity 

measurements. These findings set fundamental limits for achieving quantum states of 

interlayer excitons. 

 

In heterobilayers of semiconducting TMDCs, the type-II band alignment leads to the spatial 

separation of the electron-hole pair upon photo-excitation, forming long-lived interlayer 

excitons  [1–5] that favor condensation [6–9]. The formation of moiré super lattices opens the door 

to a rich spectrum of phenomena from moiré exciton trapping [10,11], to topological mosaics [12] 

and correlated physics [13–15]. While the permanent dipoles promote many body interactions for 

interlayer excitons, their properties also depend strongly on density. Recent experiments have 

suggested, at low densities, trapped excitons in moiré potentials [10,11,16–18] and, at high 
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densities, a Mott transition (nMott = 1.6-3x1012 cm-2 in MoSe2/WSe2) between the exciton gas and 

a charge separated electron/hole plasma  [3]. However, little is known about the transition from 

moiré trapped excitons to the free exciton gas and how properties vary across both phase 

transitions. Here we determine diffusivity of interlayer excitons in MoSe2/WSe2 heterobilayers 

over four orders of magnitude in excitation densities (ne/h = 109-14 cm-2). We show that diffusivity 

increases by similar orders of magnitude with increasing ne/h across both phase transitions. The 

metallic nature of the charge separated electron/hole plasma is confirmed in photo conductivity. 

We fabricate MoSe2/WSe2 heterobilayers using the transfer stacking technique from high 

quality monolayers [19] and with hexagonal boron nitride (h-BN) encapsulation [20], as detailed 

elsewhere  [3,11]. Interlayer exciton lifetimes as long as 200 ns and photo-generated ne/h as high 

as 1014 cm-2 have been demonstrated [3]. Optical microscope images of the three samples are 

shown in Fig. S1. All measurements are carried out at sample temperatures of 4 K and are 

completely reversible after repeated continuous wave (CW) or pulsed laser irradiation. In 

photoluminescence (PL) imaging measurements, we use two optically bright heterobilayers with 

small interlayer twist angles. We calibrate ne/h for the optically bright samples under both pulsed 

and CW conditions [3], Fig. S2, and use the same calibration to estimate ne/h in the sample with no 

measurable PL (due to a large interlayer twist angle) used in photoconductivity measurement. The 

latter is a reasonable approximation as the dominant exciton species are the momentum indirect 

excitons with electrons in the Q valleys and holes in the K valleys  [3,11,21]. PL comes from 

minority bright excitons in equilibrium with the majority dark excitons and lifetimes of the former 

reflect those of the latter, which is expected to be insensitive to twist angles. 

To measure the diffusion coefficient (D), we photo-excite in a selected region and determine 

the spatial expansion of the interlayer excitons by scanning confocal PL microscopy [4,16,22,23]. 

We use the PL spectrum at ~1.35 eV from interlayer excitons or electron/hole plasmas [3,11] as 

a characteristic probe. We point out at the outset that all diffusion constants measured here 

represent apparent and averaged values on an inherently heterogeneous landscape for the interlayer 

excitons  [11]. Fig. 1a shows optical image of one sample used in the imaging (Fig. 1 & 2). The 

blue dashed outline shows the region of the MoSe2/WSe2 heterobilayer.  There is a bubble in the 

lower middle of the heterobilayer area with no PL, Fig. 1b, while surrounding area shows bright 

PL. Among the MoSe2/WSe2 heterobilayer samples fabricated [11], this sample shows a high-level 

of spatial PL homogeneity (Fig. S3). Spatially resolved PL from most spots in the bright region, 
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Fig. 1c (left, from spots 1-4 in the PL image), are characteristic of PL from MoSe2/WSe2 

heterobilayers in most reports to date  [2–4,24].This so-called type-II PL was recently discovered 

to originate from one-dimensional (1D) strained moiré potentials  [11]. The changes in peak 

position from spot to spot may be attributed to strain heterogeneity and there are also spots that 

show two or more peaks  [11] (see Fig. 2a). In regions with weak emission, near the edge of the 

heterobilayer region or the bubble, the PL spectra as represented in Fig. 1c (right, from spots 5-8 

in the PL image). This so-called type-I PL, with 101-2 times lower intensity than those of type-II, 

 
Fig. 1 | Time-resolved diffusion in MoSe2/WSe2 heterobilayer. (a) optical image of the h-BN 
encapsulated sample with interlayer twist angle Dq = 2.6±0.5o. The blue dashed outline shows the 
MoSe2/WSe2 heterobilayer region, with a bubble in the lower-middle part. (b), Photoluminescence map 
from interlayer excitons in the MoSe2/WSe2 heterobilayer, showing the dark bubble. The green arrow 
points to the location of laser excitation in diffusion measurements. The numbers (1-8) in (b) mark the 
locations for PL spectra in (c). (d) and (e) PL images at different t for high (n0 = 9.3×1013 cm-2, d) and 
low (1.3×1012 cm-2, e) excitation densities. Scale bar, 2 μm. (f) Time-dependent spatial variance σ2 and 
(g) effective diffusion coefficients as a function of time at different n0. The first data point for n0 = 
9.3x1013 cm-2 was estimated from the initial spreading of the image beyond the laser excitation spot. 
Panels (a) and (c) are reproduced from Supporting Information in ref.  [11]. Panels (b) and (c) were 
obtained with CW excitation with hν = 2.33 eV, ne/h = 1.05 × 1010 cm-2. Panels (d)-(g) from pulsed 
excitation (pulse width = 100 fs) at hν = 2.33 eV. Sample temperature = 4 K. 
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features sharp peaks that originate from unstrained zero-dimension (0D) moiré potentials 

traps [11]. In diffusion measurements based on total PL intensity, Fig. 1 and Fig. 2 (below), 

contribution from type-II dominates at earlier times and that from type-I dominates at longer times 

(≥ 100 ns, see below). 

In time-resolved experiments, we photo-excite a diffraction-limited spot by an ultrafast laser 

pulse (width ~100 fs) and determine the PL intensity with temporal (~50 ps) and spatial (~0.2 µm) 

resolutions. Details on the experiments and analysis [25,26] can be found in Supporting 

Information.  Fig. 1d and 1e show PL images at different time delays (t) for initial excitation 

densities of n0 = 9.3×1013 cm-2 and n0 = 1.3×1012 cm-2, respectively. Diffusion is reflected in the 

spatial expansion of PL with t and it is faster at higher n0. At n0 = 9.3×1013 cm-2, Fig. 1d, the PL 

image fills the entire heterobilayer region for t ≥ 0.2 µs. We fit the radial profile of the PL image 

at each t to a Gaussian function to obtain the spatial variance σ2(t), as detailed in Fig. S4-S7. Fig. 

1f plots σ2(t) as functions of t, the slope of which gives the apparent diffusion coefficient, 𝐷(𝑡) =

d𝜎!(𝑡) d𝑡⁄ , Fig. 1g.  

While diffusivity generally decreases with time, Fig. 1g, the shape of D(t) reveals two distinct 

transitions: for n0 > nMott, D(t) decreases initially until t ~101 ns, beyond which D(t) becomes nearly 

a plateau; for t > 102 ns, D(t) decreases again. At each n0, the carrier density is substantially reduced 

during the initial rapid expansion from the diffraction-limited spot (σ0 ≈ 0.3 μm) within our time 

resolution. For n0 > nMott, this rapid expansion, attributed to ballistic transport and repulsive 

drift [27], leads to the Mott transition, the tail of which is captured in the drop of D(t) for t < 101 

ns. The second step occurs within the exciton phase and is characterized by a drastic decrease in 

D(t) for t > 102 ns. The formation of the heterobilayer results in a moiré landscape consisting of 

quantum-dot or quantum-wire like local potential wells [28,29]. Trapping of interlayer excitons 

into the moiré potential wells  [10,11] should drastically reduce diffusivity [16], as detailed below. 

 Complementary evidence can be found in CW PL imaging where the generation, 

recombination and diffusion of the interlayer excitons reach a steady state. The excitation density 

at the center (nc) reaches ~1014 cm-2 at the excitation spot and decays away from the center. The 

spatial distribution of ne/h allows probing of the phases [30] from the peak intensity (IPL), width 

(full-width-at-half- maximum, FWHM), and average energy (Eavg). Fig. 2a shows normalized PL 

spectra at different nc. The spectrum at nc~ 1011 cm-2 mainly consists of one peak and, with 
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increasing nc, a peak on the high energy side grows in relative intensity. These two peaks 

presumably resulting from strain heterogeneity [11]. The peaks broaden with nc, particularly across 

the Mott transition [3] and this is accompanied by blue shift in average peak energy, a result of 

dipolar repulsion. Fig. S8 summarizes the overall or individual FWHM, and average peak energy, 

Eavg as a function of ne/h. 

We show spatial maps of IPL (Fig. 2b), FWHM (Fig. 2c), and Eavg (Fig. 2d) for nc = 2.0×1011 - 

2.2×1014 cm-2. Detailed analysis can be found in Supporting Information, Fig. S9 and S10. For nc 

< nMott, both FWHM and Eavg are spatially uniform, consistent with a single phase of interlayer 

exciton gas. For nc > nMott, both FWHM and Eavg clearly show spatial gradients that correspond to 

the central e/h plasma phase and the exciton gas phase away from the center. We show the three 

 
Fig. 2 | Steady-state diffusion in the MoSe2/WSe2 heterobilayer. Interlayer twist angle Dq = 2.6±0.5o. 
The green arrow in Fig. 1b marks the center of the excitation spot in this CW imaging experiment. (a) 
PL spectra at the center excitation spot as a function of excitation density (bottom to top: 2.0x1011 – 
2.2x1014 cm-2). Each spectrum is normalized at the peak intensity and offset vertically for clarity). (b), 
(c), and (d), image of PL intensity, FWHM and average energy at different excitation densities, from 
2.0×1011 cm-2 (leftmost) to 2.2×1014 cm-2 (rightmost), as listed in the legend below (d). Scale bar, 2 μm. 
(e), (f), and (h), PL intensity, FWHM and average energy as a function of radial distance from excitation 
spot at different excitation densities. The plasmas phase is within ~ 2 μm of the excitation spot at high 
ne/h. CW excitation at hν = 2.33 eV. 
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quantities as a function of radial distance (ρ) from the center, Fig. 2e, 2f, 2g. The plots of FWHM 

and Eavg reveal a phase boundary at ρ ~ 2 µm, within which the system is in the e/h plasma phase 

at nc > nMott. For ρ > 2 µm, the system is in the exciton gas phase, independent of nc. From a 

diffusion length of ~ 2 µm and lifetime of τ ~ 20 ns, we estimate D = l2/τ ~ 2 cm2/s, which is close 

to the average for D ~15 – 0.2 cm2/s for  the plasma in time-resolved imaging experiments. At the 

high CW excitation densities for the 

plasma phase, the potential presence 

of thermal gradient may contribute 

to the fast diffusion within ρ ~ 2 µm. 

To focus on the transition from 

moiré exciton trapping to exciton 

gas, we switch to a MoSe2/WSe2 

sample which features only 

quantum emitter like type-I PL (Fig. 

S11). Fig. 3a shows nc -dependent 

PL spectra from a typical spot. At 

ne/h ≤ 1011 cm-2, the multiple sharp 

PL peaks are indicative of 0D moiré  

excitons [10,11,17]. For ne/h = 

~5x1011 cm-2, the sharp PL peaks 

merge into one or two broadened 

peaks, suggesting that the interlayer 

excitons move out of the 0D moiré 

traps to form a free exciton gas. 

Further broadening is seen for ne/h > 

1012 cm-2, as expected for the Mott 

transition. Fig. 3b plots calculated 

moiré super cell densities as a function of twist angle (Dq) for MoSe2/WSe2 (blue), and other 

TMDC heterobilayers. The Dq = 1.6° corresponds to a moiré supercell density of nmoiré = 8×1011 

cm-2. The experimental trap-to-gas transition density of ~1-5×1011 cm-2 is below nmoiré. Dipolar 

and exchange repulsion makes it improbable to occupy every moiré trap.  

 

Fig. 3 | Moiré exciton trapping in the MoSe2/WSe2 
heterobilayer. Interlayer twist angle Dq = 1.6±0.4o (a)  Pseudo 
color (normalized intensity) of PL spectra as a function of 
excitation density. (b) Calculated moiré  supercell density as a 
function of interlayer twist angle for MoSe2/WSe2 (blue) and 
five other TMDC heterobilayers. (c) CW PL images at 
different center excitation densities from 8×109 cm-2 to 5×1011 
cm-2. Scale bar, 1 μm. (d) Gaussian width at different center 
densities. (e) Apparent diffusion constants estimated from the 
Gaussian width in (d).  
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We show in Fig. 3c the IPL images for nc = 8×109 - 5×1011cm-2; type-I PL emission dominates 

in this low-density range. At the lowest nc, the Gaussian width σ is ~ 0.5 μm (Fig. 4b), close to the 

theoretical diffraction limit of σ* = 0.21λ/NA = 0.3 μm [31]. We estimate upper and lower bounds 

of D by taking the initial size of the excitation spot as either σ* or the lowest experimental value 

(σ ~ 0.5 μm).  Fig. 3e shows the estimated D as a function of nc; each data point is an average from 

these two limits. The diffusion constants are in the range of 10-3 cm2/s, similar to the lower limit 

in time-resolved experiments at ne/h ~1011 cm-2 (Fig. 1g). The increasing D with nc is also 

confirmed in spatial correlation analysis (Fig. S12).  

The apparent diffusivity for moiré  trapped interlayer excitons is surprising, as the depths of 

moiré exciton traps of U = 10s-100 meV [28,29] make thermally activated hopping negligible at 

4 K. U can be overcome by a high T or ne/h and modeled as 𝐷 = 𝐷! exp &−
"

#$%&"'#/%	
(  [16]. Yuan 

reported an inter-exciton repulsion energy, due mainly to exchange interaction, of u0 ~1.6×10-14 

eV/cm2 for interlayer excitons in the WS2/WSe2 heterobilayer  [16]. If we use the same value, 

overcoming the U = 20-100 meV moiré potential trap to give measurable diffusion would require 

a high electronic temperature T > 200-1200 K at the low ne/h limit or an ne/h > 1.2×1012-6.2×1012 

cm-2 at 4 K. For cold excitons at the densities we use in Fig.3, both T and ne/h are over two orders 

of magnitude lower than those required for measurable diffusion. The observed residual diffusion 

may come from non-equilibrium interlayer excitons before they are completely cooled down and 

localized to the moiré traps, as there is ~300 meV excess energy when interlayer excitons form 

from intralayer excitons  [1–3,21].   

We now return to the Mott transition, the most direct confirmation of which comes from the 

conductive nature of the e/h plasma. Fig. 4 shows photoconductivity as a function of ne/h at zero 

gate voltage in a four-terminal device (Figs. S13 and S14) under CW excitation (hν = 2.33 eV). 

Conductivity is not measurable at ne/h ≤ nMott, as expected from the insulating exciton gas. Above 

nMott, photoconductivity rises rapidly by more than two orders of magnitude as ne/h increases from 

4×1012 cm-2 to 6×1013 cm-2. This provides direct evidence for the insulator-to-metal transition [32], 

the threshold of which is in agreement with the spectroscopically or theoretically determined  nMott 

~ 1.6-3×1012 cm-2 [3].  

Our results quantitatively establish two phase transitions in the MoSe2/WSe2 heterobilayer: 
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from the moiré trapped excitons to the free 

interlayer exciton gas and further to the 

conducting electron/hole plasmas. Interlayer 

excitons in TMDC heterobilayers are thought 

to be excellent model systems for exciton 

condensation [6,7]. Our results indicate that 

the free interlayer exciton picture, widely 

assumed in the literature, only exists in the 

narrow density range around 1011 ~ 1012 cm-

2. In the low density range, our results also 

reveal limits for achieving a localized moiré 

exciton lattice [28] due to dipolar repulsion. 

At the high ne/h limit, the charge separated 

nature of the degenerate electron/hole means 

that the sheet of electrons or holes in each TMDC monolayer is similar to those from gate-doped 

TMDCs, where superconductivity at 2D carrier densities in the 1014 cm-2 range has been 

reported [33–36]. This raises the tantalizing possibility of achieving CW photo-induced 

superconductivity in TMDC heterobilayers, provided cooling of the e/h plasmas can be realized 

for sufficiently long-lived charge separation. 
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