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            Abstract
Interlayer excitons (ILXs) — electron–hole pairs bound across two atomically thin layered semiconductors — have emerged as attractive platforms to study exciton condensation1,2,3,4, single-photon emission and other quantum information applications5,6,7. Yet, despite extensive optical spectroscopic investigations8,9,10,11,12, critical information about their size, valley configuration and the influence of the moiré potential remains unknown. Here, in a WSe2/MoS2 heterostructure, we captured images of the time-resolved and momentum-resolved distribution of both of the particles that bind to form the ILX: the electron and the hole. We thereby obtain a direct measurement of both the ILX diameter of around 5.2 nm, comparable with the moiré-unit-cell length of 6.1 nm, and the localization of its centre of mass. Surprisingly, this large ILX is found pinned to a region of only 1.8 nm diameter within the moiré cell, smaller than the size of the exciton itself. This high degree of localization of the ILX is backed by Bethe–Salpeter equation calculations and demonstrates that the ILX can be localized within small moiré unit cells. Unlike large moiré cells, these are uniform over large regions, allowing the formation of extended arrays of localized excitations for quantum technology.
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                    Fig. 1: Sample structure and experimental configuration.[image: ]


Fig. 2: Static and photoexcited TR-μ-ARPES measurements.[image: ]


Fig. 3: Time-resolved and momentum-resolved distributions of the ILX electrons and holes.[image: ]


Fig. 4: ILX wavefunctions in real space.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Reflection contrast spectra of the sample.
Top, reflection of the 1L WSe2 region, showing its lowest excitonic resonance at 1.7 eV, marked with a grey dashed line. Middle, the same, for 1L MoS2, with its lowest resonance at 1.95 eV. Bottom, the same, for the heterobilayer region. It shows several resonances, marked I, II and III, instead of a single line in the vicinity of the WSe2 resonance. This signature has been categorized as evidence for the emergence of the moiré pattern16. All measurements were done at 80 K.


Extended Data Fig. 2 Distortion correction procedures in the momentum microscope.
a, Schematic of the imaging optics in the momentum microscope. To correct for the distortions in the imaging optics, a physical grid was inserted at the back focal plane of the objective lens. b, A cut in the kx–ky plane in the presence of the grid as imaged by the detector before correction. Overlaid on top is a yellow box representing a perfect square. It can be seen that the pattern of the grid is not perfectly square. A weak pincushion distortion is also visible. c, The same, after correction, showing the grid lines conforming to the yellow square. d, A 2D projection of the grid at different electron kinetic energies Ekin, before corrections. The variation of the distortion and magnification with different Ekin is obvious. e, The same, after energy-dependent grid distortion corrections.


Extended Data Fig. 3 Static ARPES data with VB assignment near the K points.
A rescaled version of Fig. 2a, highlighting the MoS2 VBs around the K valleys.


Extended Data Fig. 4 Extracting the exciton-bound electron dispersion.
a, kx ARPES cut of the photoexcited electron signal around the K point. The dashed yellow line is the VB dispersion. b, Selected spectra (EDC) along the dashed orange, green and red lines marked in a, together with the Gaussian fits, demonstrating the negative dispersion of the signal.


Extended Data Fig. 5 TR-μ-ARPES data with above bandgap photoexcitation.
a, A momentum slice along the Γ–K axis of the BZ at t = 0 ps. The photoexcited electrons are scattered over a wide momentum and the shaded energy range above the dashed orange line, with a clear CB dispersion around the K point (yellow dashed indicator). b, Normalized EDC at the K point. The green plot is the equilibrium data. The black plot refers to the data at t = 0 ps. c, The same as a, at t = 50 ps. The photoexcited electrons are concentrated at 1 eV energy (magenta dashed line) with an anomalous dispersion curvature. d, The same as b, for t = 50 ps. The red plot refers to the data at 50-ps delay. This highlights the spectral differences between the unbound (at t = 0 ps) and exciton-bound (at later times) electrons showing up at different energies. The dashed magenta lines at energies below 0 eV indicate the band-edge energies for each VB. In comparison with the equilibrium VB EDC, at t = 50 ps, a reduction in counts is clearly registered for VB 1, associated with WSe2, whereas none is registered for the other VBs, deducing that no holes are accumulating in MoS2. e, Average momentum deviation from the VBM, (kx, ky) = (0, 0) Å−1, of the ILX-bound hole distributions, determined at various time delays using the Gaussian fit. The distribution are clustered on average around (kx, ky) = (0.002, 0.0088) ± (0.0056, 0.0042) Å−1, effectively (within a single-pixel error) at the VBM. f, The same for the ILX-bound electrons. Their distributions are broadly clustered around (kx, ky) = (−0.0139, 0.0381) ± (0.0019, 0.0035) Å−1, deviating from the hole momentum. This is attributed to the expected momentum mismatch between the ILX-bound electrons and holes of a moiré exciton.


Extended Data Fig. 6 Extracting the photoexcited hole distribution.
a, APRES energy–momentum cut along the K–Γ direction around a specific K point for unexcited conditions. b, Fitting the VB with three Gaussians in energy near the centre of the plot in a. c, The same as a, after the photoexcitation. d, The same as b, after the photoexcitation. e, Heat map of the photoemitted counts associated with the top VB of the unperturbed sample. f, The same, after the excitation. Red squares mark the region around [kx0, ky0] used to normalize the counts from each measurement. g, The hole occupation distribution map resulting from the comparison between panels e and f.


Extended Data Fig. 7 Temperature dependence of ILX density and momentum distribution widths at 50-ps delay.
a, ILX density, acquired for two excitation powers, at 100 K and 300 K. The reduction of ILX density with temperature is in line with the expected shortening of their lifetime at elevated temperatures. b, Fitted Gaussian widths of the ILX-bound hole and electron distributions at 100 K and 300 K. The width of the ILX-bound hole distribution hardly changes, whereas the electron distribution shows some broadening within our experimental accuracy. This is consistent with the analysis in the Supplementary Material that predicts little temperature dependence for the widths of Ie(k) and Ih(k). Both excitation powers show very similar distribution widths, ruling out low signal-to-noise ratio issues or many-body effects. The latter is also consistent with the ILX densities being lower than their broadening onset described in Fig. 3e.
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