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Abstract: We demonstrate coherent coupling between excitons in a MoSe;/WSe; het-
erostructure, as well as rapid interlayer electron and hole transfer. We visualize the spatial
homogeneity of the coupling in the presence of significant sample inhomogeneities. ©
2022 The Author(s)

Transition metal dichalcogenides (TMDs) are regarded as a prime materials platform for applications ranging
from solar-energy to quantum light-emitting diodes. In past years, the rapid charge transfer [1], coherent cou-
pling [2], and interlayer excitons (ILEs) [3,4] have received considerable attention for their device applications po-
tential. Depending on the proposed application and materials system, different physical parameters matter for the
feasibility of the device. Among other things, dephasing times, charge transfer times and efficiency, ILE lifetimes,
and coherent coupling strengths are quantities of interest. Here, we use multi-dimensional coherent spectroscopy
(MDCS) [2] to show the existence of coherent coupling between excitons in MoSe, and WSe, monolayers stacked
together to form a heterostructure, despite the presence of notable incoherent coupling in the form of charge trans-
fer between the materials. Combining MDCS with imaging [5], we visualize complex local strain changes and
map the robustness of charge transfer, coherent coupling, and ILE lifetimes across the heterostructure.
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Fig. 1. (a) Low-power absorptive MDCS spectrum of a MoSe,/WSe, heterostructure. (b) Zero-
quantum spectrum showing signatures of coherent coupling between MoSe, and WSe, excitons.
(c) MoSe; resonance energy map (d) WSe, resonance energy map (e) MoSe, vs. WSe, resonance

energy, visualizing (anti-)correlation for the areas marked by (red)blue rectangles in (c).

A characteristic low-power MDCS spectrum for the sample is shown in Fig. 1(a). The two on-diagonal peaks
(dashed line) correspond to the MoSe; and WSe, A-excitons. The coupling peaks can be caused by both coherent
coupling and incoherent electron and hole (charge) transfer. We distinguish between coherent and incoherent
coupling by performing zero-quantum spectroscopy [2], where instead of the absorption energy, the mixing energy
between the two resonances is resolved. The zero-quantum spectrum shown in Fig. 1(b) clearly shows two peaks at
mixing energies around +72 meV. This value equals the energy difference between MoSe, and WSe, resonances
and is thus a clear indication of coherent coupling. This coupling between the excitons can be caused by static
dipole-dipole, exchange interactions, or transition dipole (Forster) coupling [6], among other things. We have also
previously resolved the incoherent charge transfer dynamics in this sample using MDCS [2].

Robustness of the coupling properties is paramount to device applications, but not self-evident given the com-
plex strain environments common in TMD heterostructures. Demonstration of such an environment can be seen
in Figs. 1(c-e). In Fig. I(c) and (d) we map the resonance energy of the MoSe, and WSe, exciton respectively.
Broad resonance shifts can be observed for both intralayer excitons. Noticeably, the resonance shifts are globally
uncorrelated - with a Pearson correlation coefficient of p = 0.10 for all data points in Fig. 1(e), but locally strongly
(anti)-correlated. This is evident from the resonance energies for the red (blue) rectangle in Fig. 1(c), which are
plotted in red (blue) in Fig. 1(e). For the blue rectangle, a strong correlation (p=0.54) can be observed. For the
red rectangle, a strong anti-correlation (p=-0.43) can be observed. Since encapsulation, heterostructure formation,
and strain commonly shift the resonances in both monolayers in the same direction, these observations point to
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Fig. 2. (a) Integrated PL map of the ILE. (b) Integrated FWM signal map for the MoSe,/WSe;
coupling peak for varying 7 delay. (¢) T-dependent integrated FWM signal for the MoSe,/WSe;
coupling peak for four sample points marked in (b) indicated by the corresponding color. (d) Four-
wave mixing decay map, an indirect measure of interlayer exciton lifetime.

complex local strain dynamics with the two materials experiencing different strain. The assignment to strain is
further supported by the spatially inhomogeneous interlayer exciton photoluminescence (PL) shown in Fig. 2(a).

Despite these strain-induced changes to the sample response, imaging MDCS experiments show a mostly ho-
mogeneous four-wave mixing (FWM) strength across the sample, apart from the high strain area of maximum
PL emission. In Fig. 2(b) we plot the integrated FWM amplitude of the MoSe,/WSe, coupling peak (lower right
in Fig. 1(a)) as a function of pump-probe delay 7. Apart from the mostly homogeneous FWM strength, the T -
dependence allows us to visualize the robustness of coherent coupling and charge transfer. The initial decay be-
tween T=0fs and 40 fs and partial recovery for 60 fs is a signature of the coherent coupling oscillations. The rise
between 100 fs and 500 fs can be assigned to hole transfer from the MoSe, to the WSe;. Given that the absolute
strength of the signal changes, but not the spatial profile, these measurements establish robustness of coherent
coupling and charge transfer towards the local strain dynamics. This is corroborated by the full 7-dependent data
plotted for select sample points in Fig. 2(c), where only the upper area of the sample shows slightly weaker cou-
pling. This is in line with the FWM decay map plotted in Fig. 2(d), an indirect measure of the ILE lifetime. The
map shows on average lower decay times at the top of the sample which we associate with increased layer spac-
ing. Nonetheless, the robustness of the sample properties is surprising given the sensitivity of the couplings and
ILEs to numerous sample parameters, including twist angle and layer separation, the latter one of which should
be affected by the complex strain dynamics.

The future of TMDs in device applications is inherently coupled to the scalability and quality of fabricated
devices. This work shows reproducibility of crucial physical properties across the sample, laying the groundwork
and strengthening the case for TMDs as a next-generation materials platform.
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