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1. Structure, morphology and uniformity of homobilayer WSe2 devices  

 

Figure S1. a-c, Optical images of the fully hBN-encapsulated WSe2 homobilayer devices A, B, C. The 
WSe2 homobilayers are highlighted by white contour lines. The metal contacts to the WSe2 layers and 
to the top and bottom gates are clearly visible. Scale bar, 25 μm. 

The fully hBN-encapsulated samples of devices A, B and C have been fabricated as described 

in the Methods section of the main text. In Figure S1, we show the optical images of the three 

devices with false-color white overlays indicating WSe2 layers within the heterostacks. The 

bottom and top hBN layer thicknesses in devices A, B, C have been measured by AFM scans 

as 34 nm and 37 nm, 31 nm and 31 nm, 8.1 nm and 14.7 nm, respectively.  

The AC-mode AFM topography maps of the active areas of devices A and B before top gate 

deposition are reported in Figure S2. A significant improvement in surface uniformity is 

obtained in device A by employing a dry-transfer technique, where instead device B was 

fabricated through a wet-transfer method, known to be more prone to the presence of bubbles 

and contaminations between layers of van der Waals heterostacks1. Thus, a flat clean area 

greater than 80 μmଶ is seen in device A from Figure S2. In particular, Figure S2c shows a 

detail of approximately 20 μmଶ where only small blisters are observed, where we define small 

blisters as bubbles of approximately 1 nm in height or lower.  
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Figure S2. AC-mode AFM scans of the gated active areas of devices A (b) and B (a). The bottom gate 
is seen as a rectangular feature in the center of both scans. The same height ranges are used between 
the two AFM measurements in order to show the difference in morphology between device A, obtained 
by a dry-transfer technique, and device B, fabricated with a wet-transfer method. c, Close-up AFM scan 
of a portion of the central gated active area of device A, highlighted as a dashed light blue rectangle in 
(b). Only small blisters of approximately 1 nm in height are observed along the reported 4μm ൈ 5μm scan. 
d, Height measurement of a small blister, as highlighted in (c) with a shaded light blue line.  

 

In Figure S3, we show the complete PL spectra for three different electric fields, explicitly 

indicating the presence of the purely-intralayer exciton species (X) at E≃1.72 eV. The 

transitions and phonon replicas of the hybrid species (1.48 eV<E<1.61 eV) have also been 

highlighted.  

 

 

Figure S3. Low-temperature PL in 2H-stacked WSe2 bilayers with the dominant transitions indicated for 
each electric field.  
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Obtaining large areas with uniform excitonic properties is crucial for reliable studies on 

propagating dipolar gases, as well as for envisioning the realization of large-scale excitonic 

circuits based on van der Waals heterostructures. In this section, we show that the clean spatial 

conformation of device A is directly related to a low dispersion of the excitonic properties 

within the active area of interest.  

For this purpose, we have first performed PL maps throughout the clean device area shown 

in Figure S4b. The map steps are of 1 μm conforming to the dimensions of the laser beam used 

in this work (see Methods). All measurements are performed at a fixed field of 𝐹 ൌ

300 mV nm⁄ , where the PL emission of the 𝐾𝛬′ transition is mainly characterized by two peaks 

due to phononic replicas. We will refer to P1 and P2 as the peaks with highest and lowest 

energy in the spectrum, respectively (Figure S4c). Within the 80 μmଶ dual-gated active area 

of interest, P1 and P2 are centered at average energies of 𝐸ଵ ൌ 1.5237 eV   and 𝐸ଶ ൌ

1.5068 eV, with standard deviations of 𝜎ா
ଵ ≃ 𝜎ா

ଵ ൌ 0.9 meV. The average linewidth full-

width half maximum values are found to be 𝐹𝑊𝐻𝑀ଵ ൌ 14.4 meV  and 𝐹𝑊𝐻𝑀ଶ ൌ

10.2 meV, with deviations of 𝜎ிௐுெ
ଵ ൌ 1.6 meV and 𝜎ிௐுெ

ଶ ൌ 0.6 meV. The dispersion of 

the peak energy position of the transition of interest is more than one order of magnitude lower 

than its linewidth, meaning that an ideal uniformity of PL emission is obtained throughout the 

area of interest. Thus, we can consider the excitonic characterization in our device to be 

independent on the position within the structure. 
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Figure S4. a-b, Spatial maps of the full-width half-maximum (FWHM) (a) and peak energy position (b) 
in device A for the highest-energy PL peak at 𝐸௭ ൌ െ300 mV nm⁄ . c, PL emission (yellow) fitted for two 
main peaks, P1 (blue) and P2 (red). d-f, Statistics of the peak energy (d), FWHM I and amplitude (f) of 
P1 (blue) and P2 (red) throughout the 80μmଶ area highlighted in red in (a) and (b). The average peak 
energies are 𝐸ଵ ൌ 1.5237eV  and 𝐸ଶ ൌ 1.5068eV, with standard deviations of 𝜎ா

ଵ ≃ 𝜎ா
ଶ ൌ 0.9meV. 

The linewidths have averages of 𝐹𝑊𝐻𝑀ଵ ൌ 14.4meV  and 𝐹𝑊𝐻𝑀ଶ ൌ 10.2meV , with deviations of 
𝜎ிௐுெ
ଵ ൌ 1.6meV and 𝜎ிௐுெ

ଶ ൌ 0.6meV. The average amplitudes in arbitrary units are 𝐼ଵ ൌ 7553 and 
𝐼ଶ ൌ 2357, with 𝜎ூ

ଵ ൌ 1156 and 𝜎ூ
ଶ ൌ 283. Higher dispersions for the highest-energy peak FWHM and 

amplitude are observed. Instead, similar statistics are obtained for the energy peak position of P1 and 
P2.  
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2. Exciton landscape in 2H-stacked WSe2 bilayers 

We obtain the exciton landscape of transition-metal dichalcogenide bilayers by first solving 

the bilayer Wannier equation2. This gives us microscopic access to pure intra- and interlayer 

exciton states. Furthermore, we take into account the effect of hybridization of intra- and 

interlayer exciton states via electron/hole tunneling by solving the hybrid exciton eigenvalue 

equation, as discussed in detail in Ref. [3]. The relevant input parameters including the 

electron/hole tunneling strengths can also be found in there.  In our theoretical framework, we 

explicitly take into account electrons in the vicinity of the 𝜉 ൌ 𝐾,𝐾ᇱ,𝛬,𝛬ᇱ valleys and holes 

in the vicinity of the 𝜉 ൌ 𝐾,𝐾ᇱ valleys within the effective mass approximation when we 

solve the eigenvalue equation for hybrid excitons and focus on spin-bright transitions. In Table 

S1, we summarize the obtained (hybrid) exciton energies and corresponding intralayer and 

interlayer mixing coefficients given by |𝐶|ଶ  and |𝐶ூ|ଶ  for hBN-encapsulated 2H-stacked 

WSe2 bilayers in the absence and presence of an electric field, |𝐸௭| ൌ 300 mV/nm.  

 

Exciton (𝜉, 𝜉) Energy (meV) |𝐶|ଶ |𝐶ூ|ଶ 
𝐾𝛬 -123/-152.3/-209 0.85/0.77/0.61 0.15/0.23/0.39 
𝐾ᇱ𝛬ᇱ -209/-152.3/-123 0.61/0.77/0.85 0.39/0.23/0.15 
𝐾𝛬ᇱ -11.5/-109.6/-250 0.58/0.36/0.2 0.42/0.64/0.8 
𝐾ᇱ𝛬 -250/-109.6/-11.5 0.2/0.36/0.58 0.8/0.64/0.42 

 

Table S1.  Exciton landscape in hBN-encapsulated 2H-stacked WSe2 homobilayers, obtained by 
microscopically solving the eigenvalue equation for hybrid excitons. The three numbers in columns 2-4 
refer to the cases 𝐸௭ ൌ െ300,0,300 mV/nm with the energetically lowest transitions marked in bold and 
given relative to the 𝐾𝐾 intralayer exciton energy. For vanishing electric fields we find that the 𝐾𝛬 state 
is the energetically lowest state. 

 

The mixing coefficients are obtained from solving the hybrid exciton eigenvalue equation4 and 

crucially determine the intra/interlayer mixing of the hIX. Due to the reversed spin-orbit 

coupling in one of the TMDC layers, the energetically lowest exciton states are degenerate and 

represented by excitons stemming from opposite valleys (i.e. by e.g. 𝜉 ൌ 𝐾𝐾  and 𝜉 ൌ 𝐾ᇱ𝐾ᇱ) 

in H-type TMDC homobilayers. Furthermore, these state have opposite dipole moments6. The 

relative energetic position of intra- and interlayer exciton states can be tuned by applying an 

electric field in the out-of-plane direction. In particular, the energy of interlayer exciton states 

is shifted by the electric field as these excitons exhibit a permanent out-of-plane dipole 

moment. In our model, this is included by introducing a Stark shift 𝑒𝑑𝐸௭ in the hybrid exciton 

eigenvalue equation6, where 𝑒 is the electronic charge, 𝑑 is the interlayer charge separation 
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(approximately equal to the TMDC layer thickness, here taken as 0.65 nm). In Figure S5 we 

illustrate the exciton landscape in 2H-stacked WSe2 homobilayers as function of an out-of-

plane electric field. Importantly, we note that the interlayer mixing coefficient is increased 

(decreased) when applying an electric field parallel (anti-parallel) to the dipole moment of the 

hIX (Figure S5b). At vanishing electric fields, we find that the phonon-assisted emission in 

2H-stacked WSe2 stem primarily from 𝐾𝛬  excitons with small interlayer components 

(approximately 20%), as also evidenced by recent DFT calculations7,8. In contrast, at large 

positive electric fields 𝐾𝛬ᇱ  excitons dominate the phonon-assisted emission. These states 

possess a large interlayer mixing coefficient (approximately 80 %), which couple more strongly 

to electric fields. 

 

 

Figure S5. Exciton landscape in 2H-stacked hBN-encapsulated WSe2 homobilayers as a function of 
electrical field, 𝐸௭. a, Hybrid exciton energies given relative to the intralayer A exciton energy (𝑋). b, 
Interlayer mixing coefficients for 𝐾Λ ሺ𝐾ᇱΛሻ and 𝐾Λᇱ ሺ𝐾ᇱΛሻ excitons.  
 
 
 

Dark (hybrid) excitons are visible in photoluminescence spectra via phonon sidebands at low 

temperatures (Figure 1d in the main text). The dominating transitions have been identified in 

the discussion above and labelled in Figure S5. Interestingly, the PL spectrum displays changes 
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of the spectral weights, linewidths, and number of peaks as a function of the external electric 

field. The spectra in the case of negative electric field reflects well the theoretically predicted 

PL spectra in a similar TMDC structure based on the same material5, where the two peaks arise 

from recombination channels involving optical and acoustic phonons. In particular, the peak 

separation (∼ 20 meV) is in good agreement with the energy difference between optical and 

acoustic phonons at the Λ-point for WSe2 monolayers9. On the other hand, the cases of 

vanishing and positive electric fields display a larger number of peaks with various linewidths 

and spectral weights. Such features could result from the presence of intrinsic doping in these 

cases, which is known to give rise to additional (trion) peaks, modified spectral weights and 

enhanced linewidths in the PL spectra10. Although a microscopic understanding of these 

features is desirable, it is out of the scope of this work. 
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3. Dipole length extraction 

In order to estimate the vertical electric field within the active homobilayer area as a function 

of the applied top and bottom gate voltages, we use an effective value for the permittivity of 

the active heterostructure, which can be considered to be equal to that of bilayer WSe2. Thus, 

the heterostructure permittivity 𝜀௦ is taken as11: 

 𝜀௦ ൌ 𝜀ଶିௐௌమ ൌ 7.5 (1) 

We refer to the vertical electric field as 𝐸௭, which can be computed as a function of the top and 

bottom gate voltages, 𝑉௧ and 𝑉: 

 
𝐸௭ ൌ

𝑉 െ 𝑉௧
𝑑௧௧

⋅
𝜀ே
𝜀௦

ൌ
𝑉ூிி
𝑑௧௧

⋅
𝜀ே
𝜀௦

 

 

(2) 

where 𝜀ே ൎ 4 and 𝑑௧௧ ൌ 𝑑ே
௧  𝑑ே

௧  𝑑ௐௌమ . In the case of device A, we use 𝑑ே
௧ ൌ

37 nm, 𝑑ே
௧ ൌ 34 nm, 𝑑ௐௌమ ൌ 1.3 nm. The energy shift for excitons with a sizeable out-of-

plane dipole 𝑑 and an applied vertical electric field 𝐸௭ is given by the quantum-confined Stark 

effect: 

 𝛥𝐸ூሺ𝐸௭ሻ ൌ 𝐸ூሺ𝐸௭ሻ െ 𝐸 ൌ |𝑒𝑑𝐸௭| (3) 

 

By taking the derivative of both sides with respect to 𝐸௭ we obtain: 

 
ቤ
𝜕𝛥𝐸ூሺ𝐸௭ሻ

𝜕𝐸௭
ቤ ൌ ቤ

𝜕𝛥𝐸ூሺ𝐸௭ሻ
𝜕𝐸௭

ቤ ൌ |𝑒𝑑| (4) 

 

Finally, the dipole length 𝑑 is estimated as: 

 
𝑑 ൌ ቤ

1
𝑒
⋅
𝜕𝛥𝐸ூሺ𝐸௭ሻ

𝜕𝐸௭
ቤ (5) 

where 𝜕𝛥𝐸ூ ሺ𝐸௭ሻ 𝜕𝐸௭⁄  is the variation of the peak emission energy shift with respect to the 

applied electric field. 
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In order to determine the dipole moment as in Eq. (5), we measure the spectral emission of 

exciton species at a fixed excitation power, while varying the top and bottom gate voltages. 

We can induce a vertical electric field with no electrostatic doping from gating, applying 𝑉௧ ൌ

െ𝛼𝑉, where 𝛼 ൌ ℎ௧ே ℎே⁄  is the ratio between the thicknesses of the top and bottom hBN 

layers in the device structure (Supplementary Note 1). To avoid the overlap of different 

excitonic features when extracting effective dipole lengths 𝑑ୣ, we define distinct regimes of 

predominant transitions belonging to either 𝐾𝛬 (𝐾ᇱ𝛬′) or 𝐾𝛬′ (𝐾ᇱ𝛬) where a single excitonic 

specie is dominant in the PL spectra. Then, we linearly fit the change in peak emission energy 

with respect to the applied vertical field within each range in order to estimate the value of 𝑑ୣ 

for hIXs with different levels of hybridization. The ranges of 𝐸௭ used for the dipole length 

estimation in Figure 1f are [-0.4; -0.2] V/nm, [-0.15; -0.05] V/nm, [0.15; 0.2] V/nm and [0.3; 

0.4] V/nm, yielding estimated 𝑑ୣ values of 0.24 nm, 0.13 nm, 0.11 nm, 0.41 nm, respectively. 
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4. Doping and asymmetrical Stark shifts in WSe2 homobilayer devices 

Device C was fabricated with the aim of studying the relationship between hIX dipole length 

and electrostatic doping. In field-effect structures, thin dielectric layers are preferred for the 

purpose of enhancing the electrostatic control over charge accumulation in the semiconducting 

layers. Therefore, the heterostructure of device C features 8.1 nm and 14.7 nm thick bottom 

and top hBN, respectively, allowing broader control over the gate-induced electrostatic doping 

within a reduced range of gate voltages with respect to devices A and B. In order to apply a 

vertical electric field and electrostatically dope the WSe2 layers at the same time, we fix the 

relationship between the applied top and bottom gate voltages as: 

 𝑉௧ᇱ ൌ െ𝑉௧  𝛼𝑉ைிி 

𝑉
ᇱ ൌ 𝑉  𝑉ைிி 

(6) 

where 𝛼 ൌ ℎ௧ே ℎே⁄ , and 𝑉ைிி  is an offset voltage to induce a fixed electrostatic doping 

level to the WSe2 bilayer. The estimation of the vertical electric field in the homobilayer 𝐸௭ is 

conducted using the values of 𝑉௧  and 𝑉  as shown in Supplementary Note 3, with 𝑉௧ ൌ

െ𝛼𝑉. Comparing electric field sweeps at different doping voltages, a change in the slope of 

the Stark shift of the main excitonic emission is evident (Figure S6c). The dipole moment is 

then extracted from 𝐸௭  for different offset voltages, corresponding to different levels of 

electrostatic doping (Figure S6f).  

From Figure S6, we establish that the dipole length of the probed collective dipolar 

ensembles belonging to high-d transitions can be strongly modulated by an applied offset 

voltage within a range between 0.26 nm and 0.18 nm for a variation of 𝑉ைிி from -3 V to 3 V. 

Thus, we establish that electrostatic doping levels cause a shift in the effective out-of-plane 

dipole lengths of the probed excitons12,13. These findings, together with the behavior of the 

asymmetric 𝐾𝛬′ and 𝐾ᇱ𝛬 transitions discussed in the main text (Figure 1 and Figure 2), suggest 

that induced or intrinsic doping densities give different effective levels of layer hybridization, 

thus causing a change in the balance between Coulomb and exchange interactions in hIX 

dynamics with respect to an ideal WSe2 bilayer. A deeper understanding of the microscopic 

origin of this characteristic behavior requires further studies which are out of the scope of this 

work. 
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Figure S6. a,b,d,e Field-dependent PL spectra obtained from device C with fixed offset voltages 𝑉ைிி of 
3V, 1V, -3V, -1V, respectively. We are focusing on a single branch of 𝐾'Λ transitions (𝐹 ൏ െ80 mV nm⁄ ). 
c, Energy shift of the main PL peak for 𝑉ைிி ranging from -3V to 3V. A progressive change in the slope 
of the linear shifts is clearly visible. f, Dipole length as a function of 𝑉ைிி, extracted from (c) as described 
in Supplementary Note 3. A tunability of approximately 0.1 nm is obtained for the explored range of offset 
voltages. 
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5. Hybrid exciton-exciton interaction and energy renormalizations 

In order to address density-dependent many-body renormalizations and non-linear hybrid 

exciton transport we derive the corresponding hybrid exciton-exciton Hamiltonian. The 

derivation of layer-hybridized intra- and interlayer exciton-exciton interaction can be found in 

Refs. [3,14,15]. Here, we generalize the approach in Ref. [3] to include multiple layers and valley 

species and obtain the Hamiltonian 

 
𝐻௫ି௫ ൌ  𝑊෩ொభ, ொమ, 

భ మయర

 

ொభ, ொమ, ,
భ, మ, య, ర

𝑋భ, ொభା
ற 𝑋మ, ொమି

ற 𝑋య, ொమ𝑋ర,ொభ 
(7) 

where 𝜁 ൌ ሺ𝜉 , 𝐿ሻ, 𝜉 ൌ ൫𝜉
, 𝜉

൯, 𝐿 ൌ ൫𝑙
, 𝑙

൯ is a compound index taking into account valley 

and layer degrees of freedom, respectively. The exciton-exciton interaction matrix can be 

expressed as 𝑊෩ொభ,ொమ,
భమయర ൌ 𝐷෩

భమ𝛿భ, ర𝛿మ, య  𝐸෨ொభ,ொమ,
భమయర  with 𝐷෩  and 𝐸෨  being the direct and 

exchange part, respectively. Secondly, we hybridize the obtained Hamiltonian by transforming 

the exciton operators 𝑋ሺறሻ to the hybrid basis such that 𝑋క, , ொ ൌ ∑ 𝑌ఎ, క, ொ
 
ఎ 𝐶 , ொ

ఎ , where 𝑌ሺறሻis 

a new set of hybrid exciton operators, 𝐶 is the mixing coefficient, and 𝜂 enumerates the hybrid 

exciton state. By absorbing the mixing coefficients into a new matrix element, 𝑊 ൌ 𝑊෩ ∗ |C|ସ, 

we obtain a hybrid exciton-exciton Hamiltonian. This Hamiltonian can be used together with 

the Heisenberg equation of motion of the excitonic polarization 𝜕௧ ർ𝑌క,ொ
ሺறሻ ൌ



ℏ
ቂ𝐻௬,௫ି௫ ,𝑌క,ொ

ሺறሻቃ 

to compute the corresponding density-dependent spectral shift for a hybrid exciton on a 

Hartree-Fock level: 

         Δ𝐸క ൌ ቀ𝑊,,
కక క క   𝑊,,

కక కకቁ 𝑛௫
క  2𝑊,,

కకకక𝑛௫
క , (8) 

where 𝑛௫
 క ൌ ∑ ർ𝑌క, ொ

ற 𝑌క, ொ 
ொ  is the valley-specific hybrid exciton density. Note that we focus 

here on the case of two competing valley species 𝜉 and 𝜉, with 𝜉 being the opposite valley of 

𝜉, i.e. if 𝜉 ൌ 𝐾𝐾, then 𝜉 ൌ 𝐾′𝐾′. We note that the first two terms involve interactions between 

excitons in opposite valleys (𝜉 ് 𝜉) with opposite dipole moments. Moreover, the exchange 

part of the interaction is vanishing between exciton species in different valleys as electron-

electron or hole-hole exchange cannot occur if the scattering charge constituents reside at 

different high symmetry-points3,15,16. We are then left with:  
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 Δ𝐸క ൌ  𝑔ௗିௗ
కక 𝑛௫

క  2 ቀ𝑔ௗିௗ
కక  𝑔௫ି௫

కక ቁ 𝑛௫
క ,  (9) 

defining 𝑊ௗ, ,,
కకకక ≡ 𝑔ௗିௗ

కక   ,  𝑊௫, ,,
కకకక ≡ 𝑔௫ି௫

కక , and 𝑊,,
కక కక ≡ 𝑔ௗିௗ

కక . While we use the 

equation above to compute the spectral shifts, we remark that the above formula can be further 

simplified in the presence of an electric field. First, considering the case without an electrical 

field it holds that 𝑛௫
 క ൌ 𝑛௫

 క (as the states are energetically degenerate) simplifying the equation 

above to:  

 
Δ𝐸ாୀ

క ൌ 2𝑛௫
క ൭
𝑔ௗିௗ
కక

2
 𝑔௫ି௫

కక ൱,  (10) 

using 𝑔ௗିௗ
కక ൌ െ𝑔ௗିௗ

కక  (as the excitons 𝜉  and 𝜉   exhibit opposite dipole moments, cf. 

Supplementary Note 2). Hence, the dipole-dipole contribution is weakened relative to the 

exchange contribution. In the presence of a large electrical field it holds that 𝑛௫
క ≫ 𝑛௫

క  such 

that:  

 Δ𝐸|ா|≫
క ൌ 2 ቀ𝑔ௗିௗ

కక  𝑔௫ି௫
కక ቁ 𝑛௫

క . (11) 

Finally, we provide the expressions for the direct (dipole-dipole, 𝑔ௗିௗ
కక ) and the exchange 

(𝑔௫ି௫
కక ) interaction strengths: 

𝑔ௗିௗ
కక ൌ

𝑑𝑒
ଶ

2𝜖𝜖ୄ
ห𝐶క, ூห

ସ
 ,  𝑔௫ି௫

కక ൌቀ𝑉ିᇲ
ூ 𝜑ᇲ

క െ 𝑉ିᇲ
 𝜑

కቁ𝜑
∗క  ቚ𝜑ᇲ

క ቚ
 ଶ
ห𝐶క, ூห

ସ
 

,ᇲ

 (12) 

Here, the interlayer mixing coefficients 𝐶క, ூ  crucially enter, together with the interlayer 

excitonic wave functions 𝜑obtained from the Wannier equation. The mixing coefficients are 

highly sensitive to changes in the electric field (Table S1) and consequently also the exciton-

exciton interaction strengths vary strongly with 𝐸௭ . The intra- and interlayer Coulomb 

interactions 𝑉
  and 𝑉

ூ , respectively, explicitly include the dielectric environment and the 

finite thickness of the TMDC layers via a generalized Keldysh screening2,3. Density-dependent 

screening effects such as exciton screening and free electron-hole screening have been 

neglected. Furthermore, we include the dominant interlayer exciton-exciton interactions and 
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neglect intralayer contributions. These contributions are known to result in minor energy 

redshifts with increased exciton density3,17. As both the dipole-dipole and the exchange 

contribution to the energy renormalization scale linearly with exciton density, we extract an 

effective dipole moment, 𝑑ୣ , for the hIX according to Δ𝐸 ൌ 𝑛ூ
ௗ
ఢబ ఢ఼

 ,where 𝜖  is the 

vacuum permittivity and 𝜖ୄ  is the out-of-plane component of the dielectric tensor of the 

TMDC. This provides an easy way to quantify the full exciton-exciton interaction strength 

including both dipolar and exchange contributions.  
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6. Measured energy shift saturation  

Density-dependent energy renormalization shifts have been calculated for an ideal WSe2 

structure with no doping (Figure 2d). By considering the effect of doping on the asymmetrical 

Stark shift tendencies, we model the energy renormalization with respect to 𝑛ூ for effective 

dipoles of 0.41 nm and 0.24 nm (Figure 2c), conforming to the 𝑑ୣ values extracted from the 

measured Stark shifts for device A (Figure 1f). Linear energy renormalization trends are 

obtained from calculations within a wide range of hIX densities, with different slopes based on 

the level of hybridization. On the other hand, the measured PL peak energy shifts are 

characterized by a linear increase for low excitation power ranges (𝑃 ൏ 150μW), followed 

by an abrupt saturation with a slight redshift for moderate to high powers. Previous reports on 

purely interlayer excitons in type-II heterostructures of TMDCs18–20 have shown a sublinear 

behavior for both the measured blueshift and the full-width half-maximum of the main 

interlayer exciton peak with respect to power, together with a sublinear trend of the integrated 

PL intensity counts. These results comply with the fact that density-dependent recombination 

channels dominate the dynamics of IXs in type-II heterobilayers and monolayer hBN spaced 

heterobilayers, thus implying that the measured blueshift and PL intensity trends are both 

related to a sublinear increase of the IX density with power. Instead, we observe a linear 

increase in the integrated hybrid exciton PL intensity with respect to 𝑃 (Figure 3b).  

Even though we can exclude exciton-exciton annihilation as a reason for the energy shift 

saturation of hIX emission in our structure, we must consider other power-dependent 

phenomena to explain the observed behavior. Previous reports on indirect excitons in double 

quantum well structures have reported a linear blueshift at low excitation densities followed by 

an abrupt saturation21. By ruling out the common many-body effects involved in the exciton 

dynamics, lattice heating has been deemed responsible for the redshift at high indirect exciton 

densities in double quantum wells. In this study, our theoretical calculations predict density-

dependent energy renormalization shifts by including dipolar and exchange interactions, which 

are both linearly dependent on 𝑛ூ. Therefore, we exclude that the energy shift saturation is 

related to the interactions within the many-body system. Thus, we can fairly ascribe the shift 

saturation at high moderate-to-high exciton densities to a band-gap redshift at high laser power 

in the form of lattice heating.  
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Moreover, we note that the measured renormalization shift magnitudes are differ by one order 

of magnitude between the ensembles with 0.24 nm and 0.41 nm effective dipoles. The behavior 

of PL intensity with respect to excitation power (Figure 3b) indicates that 𝑛ூ  linearly 

increases with power. Moreover, given that the PL ratio between high-d and low-d species is  

∼ 2.5, and that both 𝑛ூ ∝ 𝐺 𝜏 and 𝐼 ∝ 𝐺 𝜏, we must exclude a relationship between the 

renormalized energies and the values of 𝑛ௗ  and 𝑛ௗ at high optical powers. Therefore, the 

range of exciton densities taken into account for the high-d and low-d ensembles is estimated 

based on transport simulations, as further detailed in Supplementary Note 9. We tentatively 

ascribe the difference in measured Δ𝐸  between the two dipolar ensembles to an effect of 

intrinsic doping, which is the main source of imbalance between the two high-field branches 

of the explored hybrid excitons (Supplementary Note 4).  
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7. Lifetime measurements and constant emission quantum yield of hIXs 

 

Figure S7. a, Power-dependent lifetime in device A at 𝐸 ൌ െ300𝑚𝑉 𝑛𝑚⁄ . The lifetime is extracted from 
a single-exponential fit to time-resolved PL measurements. A monotonic decrease in 𝜏௧௧ is observed for 
20𝜇𝑊 ൏ 𝑃 ൏ 1500𝜇𝑊. b, Power-dependent normalized PL intensity map with respect to time at 𝐸௭ ൌ
െ300𝑚𝑉 𝑛𝑚⁄ . c, Field-dependent hIX lifetime in device A, showing a similar behavior to that of device B 
(Figure 3a in the main text). d, Time-resolved PL signal for electric fields of 300𝑚𝑉 𝑛𝑚⁄  and 
െ300𝑚𝑉 𝑛𝑚⁄ , corresponding to effective dipoles of 0.41 and 0.24 nm, respectively. Data in (a) and (c) 
are presented as mean values (dots) and corresponding standard deviations (error bars). 

 

We have performed time-resolved measurements on WSe2 homobilayer devices A and B. Both 

show a dependence with respect to the vertical electric field, with the minimum lifetime 

obtained for negligible electric fields and increasing values for higher 𝐸௭. The results from 

device B are reported in Figure 3a and Figure 3c in the main text. In Figure S7, we show time-

resolved photoluminescence (TRPL) measurements at different input optical powers and 

applied electric fields for device A. Single-exponential decays are obtained independently of 

the field or power, suggesting that second-order recombination channels are intrinsically 

suppressed in this platform. Thus, the lifetime of the probed excitons is extracted as 𝜏௧௧ by 

single-exponential fittings to the obtained TRPL data. High error dispersions are observed at 

very low power due to low signal-to-noise ratios (Figure S7a). The full data set is nonetheless 
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shown for consistency. Within the trustable range 𝑃  20μW , we observe a monotonic 

decrease in lifetime ranging from approximately 0.8 ns to 0.4 ns at 1.5 mW.  

The probed PL intensity 𝐼ூ  emitted from our devices is related to the hybrid exciton 

density 𝑛ூ  at a fixed electric field by the relationship 𝐼ூ ൌ 𝑛ூQY , where QY is the 

emission quantum yield of the probed species. We have shown in Figure 3b that the emitted 

PL intensity increases linearly with excitation power independently on the applied vertical 

electric field and on the hIX level of hybridization. Since TRPL measurements reveal that hIXs 

in WSe2 bilayers are characterized by single-exponential decays, the exciton density can be 

related to the hIX generation factor 𝐺 by 𝑛ூ ൌ 𝐺𝜏௧௧. The generation factor is related to the 

material absorption, as well as to the efficiency of hybrid exciton formation, and is directly 

dependent on the input optical power 𝐺 ∝ 𝑃. Since the change in 𝜏௧௧ within the range of 

laser excitation power of interest is orders of magnitude lower than that of 𝑛ூ , we can 

consider an approximately constant value 𝜏௧௧ሺ𝑃ሻ ∼ 𝜏௧௧ . Thus, the linear increase in PL 

intensity at a fixed excitation power corresponds to a linear increase in 𝑛ூ with respect to 

excitation power.  

These observations indicate that a constant output QY is obtained for all probed hIX species 

independently on the level of hybridization. This behavior is significantly different than that of 

purely interlayer excitons in type-II heterobilayer and monolayer hBN spaced heterobilayers 

structures, where the emitted PL intensity has been shown to saturate at high excitation power 

due density-dependent nonradiative recombination channels18,19,22,20, such as exciton-exciton 

annihilation23. Consistently, the previously reported TRPL signals from type-II IXs at high 

power can be better described by double-exponential decays due to fast decay channels from 

second-order density-dependent nonradiative recombination channels22. 

In order to determine the presence of power-independent nonradiative decay channels for 

purely-interlayer excitons in WSe2/MoSe2, Jauregui et al.22 have investigated the relationship 

between lifetime and PL intensity with respect to the applied vertical electric field. In 

particular, it been shown for purely-interlayer excitons in WSe2/MoSe2 that a relationship 

between 𝜏௧௧  and 𝐼ூ  with a negative slope is a direct indication of concurring 𝜏ௗ  and 

𝜏ௗ factors. We note that this way of proceeding is independent on the generation factor 

𝐺 , and thus can be applied to any platform with a field-tunable lifetime of excitons. The 

emission QY in our structure is given by the ratio between the 𝜏௧௧ and the radiative lifetime 

𝜏ௗ. Thus, we obtain: 
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𝐼ூ ൌ

𝜏௧௧
𝜏ௗ

𝐺𝜏௧௧ (13) 

Both 𝐼ூ and 𝜏௧௧ are modulated by an applied vertical electric field (Figure 3a), with different 

trends based on the ranges of electric field intensity. Figure 3c shows that a linear relationship 

is present between 𝐼ூ and 𝜏௧௧ both for 𝐾𝛬 and 𝐾𝛬′ transitions. Since the excitation power is 

kept constant in field-dependent measurements, a linear relationship with positive coefficient 

is obtained in Eq. (13) only if 𝜏௧௧ ≃ 𝜏ௗ. Thus, we conclude that the probed excitons are 

characterized by a constant QY with respect to power with mainly radiative recombination 

channels and suppressed nonradiative ones. 

For all previous analyses, we have focused on the linear trends of 𝜏௧௧ with respect to 𝐸௭ 

belonging to regions of different predominant intervalley transitions in our sample. However, 

a sudden drop in 𝜏௧௧ is observed in device B at high negative and positive electric field (Figure 

S8a), breaking the monotonicity of 𝜏௧௧. This behavior can be explained by considering the 

appearance of a nonradiative recombination channel at high electric fields in the form of 

tunneling photocurrent. Tunneling photocurrents have been studied in optically-excited field-

effect devices based on semiconducting 2D materials24–26, where different mechanisms based 

on photoexcitation can allow carriers to tunnel from the semiconductor to the gate electrode 

through dielectric barriers. The appearance of nonradiative channels at high electric fields have 

been previously observed in WSe2 homobilayer devices13. Moreover, previous reports on 

spatially-indirect excitons in double quantum wells have revealed that the exponentially 

increasing dissociation rates of out-of-plane ensembles induce a sudden drop in lifetime at high 

electric fields27,28. From the measurements in device B, we observe an increasing tunneling 

photocurrent signal for high electric fields. In particular, Figure S8c shows the rising tunneling 

photocurrent for 𝐸௭  160 mV nm⁄ , corresponding to the region of drop in 𝜏௧௧ for positive 

fields (Figure S8b). Thus, it is reasonable to conclude that in our case hIXs dissociate at high 

electric fields, and the separated carriers tunnel through the hBN barriers to the gate electrodes 

inducing the measured tunneling photocurrent signal. 
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Figure S8. a, Field-dependent lifetime measurements of device B, as reported in Figure 3a in the main 
text. Here, we focus on the region 𝐸௭  20 mV nm⁄  (dashed grey rectangle). b, For a positive electric 
field, three main regions are highlighted. Regions 1 (20 mV nm⁄ ൏ 𝐸௭ ൏ 80 mV nm⁄ ) and 2 (80 mV nm⁄ ൏
𝐸௭ ൏ 160 mV nm⁄ ) are characterized by a monotonic increase in 𝜏௧௧  and correspond to regions of 
dominating 𝐾𝛬 and 𝐾𝛬′ transitions, respectively. Instead, region 3 (𝐸௭  160 mV nm⁄ ) exhibits a sudden 
drop in 𝜏௧௧, which is attributed to the appearance of a nonradiative recombination channel given by the 
dissociation of hIXs. c, Tunneling photocurrent measured in device B. The rise in signal observed in 
region 3 is related to the dissociation of hIX at high fields, allowing the extraction of carriers tunneling 
from WSe2 to the top and bottom gate electrodes through the hBN layers. Lifetime data are presented 
as mean values (dots) and corresponding standard deviations (shaded surrounding area). 
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8. Experimental setup and optical measurements 

 

Figure S9. Schematic representation of the complete optical setup for spectroscopic measurements, 
CCD imaging and scanning APD spatiotemporally-resolved measurements. 

 

All optical measurements were performed in vacuum in a He-flow cryostat at 4.6 K, unless 

stated otherwise. A schematic representation of the employed optical setup is shown in Figure 

S9. Hybrid excitons are optically generated in our sample by employing a picosecond pulsed 

solid state laser at a repetition rate of 80 MHz in time resolved measurements, while the same 

laser is driven in continuous wave mode for steady state measurements. The incident laser is 

linearly polarized. A short-pass 650 nm (SP650) filter is placed at the excitation arm, in order 

to filter out 2nd order components of the laser light. A confocal microscope is used to optically 

excite hIXs and to collect the emitted photons through the same objective, with a working 

distance (WD) of ~ 4.5 mm and NA = 0.65. The light emitted from the sample is separated 

from the laser excitation by a 50:50 (reflection:transmission) beam splitter (BS). A long-pass 

700 nm (LP700) filter is used for spectral measurements, while for real-space exciton cloud 

imaging a long-pass 800 nm (LP800) filter is placed in front of the CCD camera or the APD 

sensor. Motorized flip mirrors are used to send the collected photons to either a spectrometer 

(Princeton Instruments), to the CCD sensor or to our homemade scanning APD system. The 

spectrometer is used to measure the PL spectrum, the CCD camera to image the steady-state 

hIX cloud expansion, and the scanning APD system is employed for spatiotemporally resolved 

hIX transport measurements. 
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The APD sensor (Excelitas Technologies, SPCM-AQRH-16) systematically moves within the 

focal plane, as it is mounted on a two-dimensional (2D) motorized translational stage. The 

output signal of the APD is connected to a time-correlated photon counting module (TCPCM) 

with a resolution of 12 ps r.m.s. (PicoQuant, PicoHarp 300), which measures the arrival time 

of each photon. For the measurements in this work, we set the time bin to 16 ps to record photon 

clicks. The single photon timing resolution of the APD is about ~ 350 ps, which is the main 

time resolution-limiting factor for the whole setup. Its high quantum efficiency at the near-

infrared range (~ 55% at 850 nm), however, combined with its low dark count rate (~ 20 Hz) 

enables us to measure the spatial profile of the long-lived but rather weak emission of hIXs 

with a good signal to noise ratio (SNR > 10). The magnification of the scanning APD imaging 

system is about 150. In the measurements of 2D time-resolved PL images (Figure 4), the two 

motors are scanned with a step size of 20 μm, which corresponds to ~ 130 nm on the sample. 

Figure S9 shows images of the excitation laser acquired by the CCD camera and the scanning 

APD system. The area of the excitation laser is extracted and plotted in Figure S10a as a 

function of time. 

 

 

Figure S10. a, On the left axis the laser area expansion in time measured from the scanning APD system. 
A constant laser area of approximately 2μmଶ is observed within the time range of interest. On the right 
axis the time resolved laser profile is shown. b, Spatial reconstruction of the focused laser image 
measured from the scanning APD system. c, Focused laser image obtained from the CCD camera 
(Andor Ixon), consistent with that shown in (b).  
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9. Drift-diffusion equation and transport simulations 

To gain microscopic access to the spatiotemporal dynamics of hybrid excitons, we solve the 

microscopically derived two-dimensional drift-diffusion equation3,29,30: 

 
𝜕௧ 𝑛ሺr, tሻ ൌ  𝐷∇ଶ𝑛ሺ𝒓, 𝑡ሻ  𝜇∇ ∙ ൬∇ ቀΔ𝐸൫𝑛ሺ𝒓 , 𝑡ሻ൯ቁ 𝑛ሺ𝒓, 𝑡ሻ൰ െ

𝑛ሺ𝒓, 𝑡ሻ
𝜏

 (14) 

where 𝐷  is the diffusion coefficient, 𝜇 ൌ 

ಳ்
 is the exciton mobility, Δ𝐸൫𝑛ሺ𝒓, 𝑡ሻ൯ is the 

density-dependent energy renormalization and 𝜏 is the exciton lifetime. We can further expand 

the energy renormalization term by introducing an electric-field-dependent factor 𝐶ሺ𝐸௭ሻ: 

 
 𝜕𝑡 𝑛ሺr, tሻ ൌ  𝐷∇2𝑛ሺ𝒓, 𝑡ሻ  𝜇𝑚∇ ∙ ቀ∇൫𝐶ሺ𝒓, 𝑡,𝐸𝑧ሻ ∙ 𝑛ሺ𝒓, 𝑡ሻ൯𝑛ሺ𝒓, 𝑡ሻቁ െ

𝑛ሺ𝒓, 𝑡ሻ
𝜏

  ൌ 

                   ൌ  𝐷∇ଶ𝑛ሺ𝒓, 𝑡ሻ  𝜇 𝐶ሺ𝒓, 𝑡,𝐸௭ሻ∇ଶ𝑛ሺ𝒓, 𝑡ሻ െ
𝑛ሺ𝒓, 𝑡ሻ
𝜏

 ൌ   

                   ൌ  𝐷ୣሺ𝒓, 𝑡,𝐸௭ሻ∇ଶ𝑛ሺ𝒓, 𝑡ሻ െ
𝑛ሺ𝒓, 𝑡ሻ
𝜏

 

(15) 

with 𝐷ୣሺ𝑟, 𝑡,𝑬𝒛ሻ ൌ 𝐷  𝜇 𝐶ሺ𝑟, 𝑡,𝐸௭ሻ. We initialize the distribution as a Gaussian profile:  

 
 𝑛ሺ𝑥,  𝑦,  0ሻ ൌ  𝑛 expቆെ

ሺ𝑥ଶ   𝑦ଶ ሻ

𝜎
 ଶ ቇ, (16) 

with the initial spot size adapted to the laser spot size (Supplementary Note 8). To provide an 

initial exciton density for transport simulations, we can follow our reasoning in Supplementary 

Note 6. Since we are analyzing species at equal and opposite electric fields ( 𝐸௭ ൌ

േ 300 mV/nm), it is reasonable to assume that the generation factors for both species are 

comparable. In particular, since 𝑛ௗ/𝑛ௗ ൌ 𝐺ௗ𝜏ௗ/𝐺ௗ𝜏ௗ  and 𝜏ௗ/𝜏ௗ ≃ 1.67, we conclude 

that the exciton densities for both species must lie in the same range. Thus, we use an initial 

density of 𝑛 ∼ 10ଵଶ cm-2 for both low and high-d species based on a best-fit approach to our 

experimental time-resolved transport at long times, in the regime of classical diffusion. The 

obtained results in the regime of anomalous diffusion are further discussed in the main text.   
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The drift-diffusion equation in Eq. (15) is solved with a Runge-Kutta method giving access to 

the spatiotemporal dynamics of the hybrid exciton density. Given 𝑛ሺ𝑟,  𝑡ሻ, we define the hIX 

area 𝐴ሺ𝑡ሻ ൌ 𝜋𝑥
ଶሺ𝑡ሻ where 𝑥

ଶሺ𝑡ሻ is extracted from the condition 
൫௫బ,,௧൯

௫ቀ൫௫బ,,௧൯ቁ
ൌ ଵ


 for fixed 

times 𝑡.  Furthermore, we extract the effective diffusivity 𝐷ୣሺ𝑡ሻ ≡  ଵ
ସగ

ௗ

ௗ௧
 , which coincides 

with the chosen low-density diffusivity at infinity, 𝐷ୣሺ∞ሻ ൌ 𝐷 . The low-density diffusion 

coefficient 𝐷 ൌ  0.322 cmଶ/s is obtained from experimental measurements (Supplementary 

Note 10). The exciton lifetimes at high positive and negative fields are extracted from the 

experimental data as 𝜏୦ୢ ൌ 𝜏ሺ𝐸௭ ൌ 300 mV/nm) ൌ 680 ps  and τ୪ୢ ൌ 𝜏ሺ𝐸௭ ൌ

െ300 mV/nm) ൌ 375 ps (Supplementary Note 7).  
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10. Estimation of the conventional diffusivity of hIXs 

 

 

Figure S11. Effective hIX cloud area expansion in time for 𝐸௭ ൌ 0 mV nm⁄ . From a linear fit to the effective 
area expansion we obtain 𝐷 ൌ 0.322 േ 0.007 cmଶ s⁄ .  
 
 

Excitons in WSe2 homobilayers at vanishing applied electric fields are predominantly intralayer 

in nature, with dipoles that are randomly oriented (Supplementary Note 2). Thus, Coulomb 

repulsions are inhibited by the lack of alignment between dipoles, and excitons are expected to 

diffuse conventionally. In Figure S11, we show the measured effective hIX cloud expansion at 

𝐸௭ ൌ 0 mV nm⁄ , characterized by a linear trend in time. Thus, a fixed value of conventional 

diffusivity is extracted from linearly fitting the measured data, obtaining 𝐷 ൌ ଵ

ସగ

ௗ

ௗ௧
≃

0.32 cmିଶsିଵ. This result is comparable with the slope of the effective area expansion in the 

case of high electric fields for 𝑡 → ∞ (Figure 4d-e). In fact, all hIXs exhibit a diffusivity that 

settles to a regime of conventional diffusive transport as 𝐷ୣ
ௗሺ∞ሻ ൌ 𝐷ୣ

ௗ ሺ∞ሻ ൌ 𝐷 . The 

measured diffusivity factor is employed as an experimental parameter in the transport 

simulations of hIXs with different levels of hybridization (Supplementary Note 9), allowing to 

obtain a good estimate of the  𝑙𝑖𝑚
௧→శ

𝐷ୣ
ௗ and 𝑙𝑖𝑚

௧→శ
𝐷ୣ
ௗ , which otherwise would not be possible 

due to the finite and limited time resolution of the instrumental setup. 
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