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Transition metal dichalcogenides (TMDs) are regarded as a possible materials platform for quantum information science
and related device applications. In TMD monolayers, the dephasing time and inhomogeneity are crucial parameters
for any quantum information application. In TMD heterostructures, coupling strength and interlayer exciton lifetimes
are also parameters of interest. However, many demonstrations in TMDs can only be realized at specific spots on the
sample, presenting a challenge to the scalability of these applications. Here, using multi-dimensional coherent imaging
spectroscopy (MDCIS), we shed light on the underlying physics - including dephasing, inhomogeneity, and strain -
for a MoSe, monolayer and identify both promising and unfavorable areas for quantum information applications. We
furthermore apply the same technique to a MoSe,/WSe; heterostructure. Despite the notable presence of strain and
dielectric environment changes, coherent and incoherent coupling, as well as interlayer exciton lifetimes are mostly ro-
bust across the sample. This uniformity is despite a significantly inhomogeneous interlayer exciton photoluminescence
distribution that suggests a bad sample for device applications. This robustness strengthens the case for TMDs as a

next-generation materials platform in quantum information science and beyond.

I. INTRODUCTION

Transition metal dichalcogenides (TMDs) are regarded
as a prime materials platform for applications ranging
from solar-energy'?> and lasers® to quantum light-emitting
diodes*. Especially the rapid charge transfer and associ-
ated interlayer excitons® !> have received considerable at-
tention. Interlayer excitons with nanosecond lifetimes!3-13
that are highly tunable by twist-angle'? are potential candi-
dates for qubits'®!7. In recent years, strain-engineering in
TMD monolayers has also gained momentum with the po-
tential for room-temperature entangled-photon sources!®!?.
Moreover, coherent coupling between excitons and trions
in TMD monolayers?>?! and intralayer excitons in TMD
heterostructures’ has been demonstrated recently, which
opens the avenue for quantum coherent control of these mate-
rials.

Depending on the sample system, different physical pa-
rameters determine the feasibility of quantum information
applications. In TMD monolayers, low inhomogeneity
and long intralayer exciton dephasing times are crucial.
Martin et al. demonstrated picosecond dephasing times
for MoSe, monolayers??> by measuring the homogeneous
linewidth, which is inversely proportional to the dephasing
time. These dephasing times are well above previously re-
ported values?>2% due to the dominant contribution of in-
homogeneous broadening in these samples. Meanwhile,
Jakubczyk et al.>’?% and Boule er al.*® have shown broader
homogeneous linewidths, with the exciton optical response
being in the homogeneous limit for certain areas. As estab-
lished previously?”-?8, there is an expected anti-correlation be-
tween homogeneous and inhomogeneous linewidths, favor-
ing long dephasing times in areas of large inhomogeneity.

Non-radiative broadening mechanisms can weaken this anti-
correlation. However, a large inhomogeneity is strongly detri-
mental to quantum information applications, since it corre-
sponds to several different emitters within the excitation vol-
ume. To identify promising areas for these applications, one
thus needs to find uniquely suited sample areas with small in-
homogeneity and large dephasing times.

For heterostructure systems, these considerations change
based on the physical effects harnessed for quantum informa-
tion applications. Interlayer excitons (ILEs) have been pro-
posed as potential candidates for qubits in the past with their
formation closely tied to the rapid charge transfer. More-
over, coherent coupling between excitons in the different lay-
ers of the heterostructures is another pathway towards coher-
ent control for quantum information applications. For feasi-
bility, identifying areas with robustness of these properties -
charge transfer, ILE lifetimes, and coherent coupling strength
- is thus a requirement.

However, the intricate spatial and temporal variations of ex-
citon interactions with their environment and amongst them-
selves in TMD monolayers and heterostructures have re-
mained mostly elusive due to limitations in the employed ex-
perimental techniques. Here we use multi-dimensional coher-
ent imaging spectroscopy (MDCIS) to map the distribution of
dephasing times and inhomogeneity across an MoSe; mono-
layer, enabling the identification of promising and unfavor-
able areas for quantum information applications. MDCIS also
gives insight into strain across the monolayer. Correlating it
with findings from Photoluminescence (PL)-spectroscopy and
PL-detected MDCIS, we visualize the distribution of bright
and dark exciton states across the monolayer sample. We fur-
ther use MDCIS to spatially map strain and conduction band
changes across a MoSe,/WSe, heterostructure. Despite the
presence of notable, complex local strain and dielectric en-
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FIG. 1. (a) Schematic of a three-pulse MDCS experiment (fourth pulse used for heterodyne detection). (b) White light microscopy image

of the MoSe, monolayer. (c) For every fixed 7, 7, and ¢ temporal delay measurement, an entire image (not shown) is measured. Between
images, the T and ¢ delay stages are stepped, leading to a two-dimensional data set in the time-domain for every image pixel (upper panel of
(c)). Fourier transform yields an MDCS spectrum for every image pixel. (d) Schematic of the custom-built laser-scanning microscopy setup.
(e) Integrated FWM of the hBN-encapsulated MoSe; monolayer. (f) PL-spectrum on the lower edge (Location A) and center area (Location B)
of the MoSe, monolayer. For location B, the signal tail towards lower energies is associated with the trion. (g) Low-power, low-temperature
MDCS spectrum at location A. The excitation laser spectrum used for the experiments on the monolayer is shown atop. (h) Low-power,

low-temperature MDCS spectrum for location B.

vironment changes, we demonstrate surprising robustness of
key sample properties: The rapid electron and hole transfer as
well as coherent coupling between intralayer excitons in the
MoSe, and WSe; monolayers and interlayer exciton lifetimes
are robust across a majority of the heterostructure. These re-
sults have larger implications for the commonly made device
application claims, strengthening the case for TMDs as the
materials of choice in various applications, including quan-
tum information.

Il. EXPERIMENTAL METHODS
Multi-dimensional coherent spectroscopy (MDCS)

The multi-dimensional coherent spectroscopy (MDCS)
technique that is the basis for the majority of results in this
paper is schematically shown in Fig. 1(a). MDCS uses a four-
pulse sequence where the first two pulses (A,B) act as the
pump pulse, while the third pulse (C) acts as a probe pulse
and a fourth pulse (D) is used for heterodyne detection. The
first pulse (A) excites a coherence between the ground state
and excited state, while the second pulse (B) converts this into
an excited or ground state population. The second pulse can
also convert the system into a Raman-like non-radiative co-

herence, between different excited states of the excitons, that
oscillates during 7. The third pulse (C) reverts the population
or non-radiative coherence back into a radiative coherence be-
tween ground and excited state. Because MDCS measures the
phase-resolved response, scanning the time delay 7 between
the first two pulses gives access to the absorption energy upon
Fourier transform while scanning the time delay ¢ between C
and D gives access to the emission energy axis. Additional
dynamics, such as population decay, charge transfer, and co-
herent coupling are accessible via the 7' time delay.

To be compatible with diffraction-limited imaging, all four
pulses need to be collinear, that is, all excitations and the sig-
nal must be overlapped in the same beam. To extract the sig-
nal against a large background, each pulse is frequency tagged
with an acousto-optic modulator>?>3? and the interference be-
tween the third-order nonlinear response (induced by the first
three pulses) and the fourth pulse can subsequently be phase-
sensitively detected using a lock-in amplifier. The absorption
of beam D can be taken into account by measuring the re-
flected spectrum using the interference between C and D.
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Multi-dimensional coherent imaging spectroscopy (MDCIS)

In previous implementations of imaging MDCS, spatially
addressed MDCS, i.e. taking a full MDCS spectrum at spe-
cific sample points, has been used to gain a spatial understand-
ing of the spectroscopic properties of the sample?’2%3132_ In
our implementation of MDCIS, instead of taking a single data
point for fixed 7, T, and ¢ positions, an entire image of the
sample is taken. This yields an up to five-dimensional data
set with full temporal information along 7, T, and ¢ for ev-
ery image pixel. Subsequent Fourier transforms along the T
and ¢ axes leads to an MDCS spectrum at every single image
pixel. This process is illustrated for a hexagonal Boron Nitride
(hBN) encapsulated MoSe; monolayer [Fig. 1(b)] in Fig. 1(c).
MDCIS enables the study of linewidth evolutions across the
sample as well as coupling dynamics by harnessing the rich
spectroscopic and temporal information of MDCS and the
rich spatial information of nonlinear imaging. The imaging
is implemented with a laser-scanning imaging setup shown
in Fig. 1(d), allowing for a diffraction-limited beam diameter
(Abbe limit) of 940 nm. Because of the third-order nonlinear-
ity of the four-wave mixing (FWM) based MDCS, the spatial
resolution for the FWM measurements reaches 540 nm. The
four pulses impinge on an x- and y-Galvo mirror, with the x-
Galvo mirror being relayed onto the y-Galvo mirror via a 4 f-
setup incorporating off-axis parabolic mirrors. The deflected
beams are subsequently sent through another 4 f-setup con-
taining a scan and tube lens optimized for broadband, wide
field-of-view laser scanning microscopy. This arrangement
images the angle of the laser beam onto the objective without
changing the position on the objective aperture, allowing for
aberration-free laser scanning imaging. We employ a custom
lock-in amplifier’® for rapid imaging. A Ti:Sapph laser with
nearly transform-limited 35 fs pulses is used in this work. The
pulses are pre-compensated with negative dispersion using an
SLM-based pulse shaper to compensate for the dispersion ac-
quired upon propagation through the setup. All experiments
are performed at 6 K.

We further demonstrate the usefulness of the multi-
dimensional coherent imaging spectroscopy technique which,
on a smaller scale, has been realized by spatially-addressed
multi-dimensional coherent spectroscopy?’2%-3!

Sample fabrication

The two samples studied in this work are an hBN en-
capsulated MoSe, monolayer and an hBN encapsulated
MoSe,/WSe; heterostructure. The samples were assembled
using a dry-transfer technique with a stamp made of a poly-
dimethylsiloxane cylinder with a thin film of poly (bisphenol
A carbonate) on top.

I1l. RESULTS AND DISCUSSION
A. MoSe; monolayer

The white light microscopy image of the MoSe, mono-
layer in Fig. 1(b) shows a region with cracks and bubbles
towards the center but otherwise appears mostly pristine.
The upper-left part of the monolayer region (shaded) is non-
encapsulated, while the lower-right side of the monolayer (un-
shaded) is encapsulated. Given the reported instabilities and
inconsistencies of non-encapsulated samples?>?832, we will
focus our studies on the encapsulated area of the sample. A
spectrally integrated four-wave mixing (FWM) image of the
MoSe; monolayer is shown in Fig. 1(e). For the monolayer,
unless otherwise stated, data was taken at 7=50fs. We spec-
trally integrate from 1630-1675 meV for both the absorption
and emission axis. The integrated FWM will scale with dipole
moment and density of states (e« Nu*) with N being the den-
sity of states and u the dipole moment. A large area on the top
shows a very strong and approximately homogeneous FWM
amplitude, while a dark area towards the center of the sam-
ples coincides with cracks and bubbles visible in the white
light microscope image in Fig. 1(b) The bottom area of the
sample again shows a comparatively homogeneous strength.
This observation is in contrast to photoluminescence (PL)-
spectroscopy measurements plotted in Fig. 1(f). Here, the
integrated PL strength for the center area (yellow square) is
comparable to the homogeneous area of the sample (green
square). PL and PL-detected FWM (shown in the supple-
mentary information) is only sensitive to bright, photolumi-
nescing states, while heterodyne-detected FWM is sensitive
to both bright and dark states. As discussed by Smallwood et
al.3*, the difference between PL strength, PL-detected FWM
strength, and heterodyne-detected FWM strength thus sug-
gests a highly spatially dependent distribution of bright and
dark states. Furthermore, a noticeable linewidth change be-
tween the center and edge area of the monolayer can be ob-
served in the PL spectra. This linewidth observation is corrob-
orated by the exemplary MDCS spectra for the homogeneous
bottom area of the sample [Fig. 1(g)] and the center, dark area
[Fig. 1(h)]. The center area shows a more dominant inhomo-
geneous broadening, which manifests itself as an elongation
along the diagonal (dashed line), compared to the bottom sam-
ple area. The broader linewidth in the PL spectrum in Fig. 1(f)
is thus caused by an increase in inhomogeneity, and not re-
lated to homogeneous linewidth changes. Moreover, the in-
homogeneously broadened spectrum on the center area shows
more weight towards lower energies, suggesting the existence
of notable resonance shifts on the order of several meV.

To gain a better understanding of the underlying physics
and identify promising areas for quantum information ap-
plications, a more systematic study of resonance shifts and
linewidths is required. This relates to the spatial coherence
of excitons, which is, in conjunction with the temporal coher-
ence, crucial for quantum information applications and has
been of interest for decades®. Spatial inhomogeneity, corre-
sponding to local exciton energy changes due to a change in
the environment, is associated with a lower spatial coherence
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because the energy shifts destroy the coherence. Hence, in the
presence of a smaller inhomogeneity ¢, the exciton coherence
volume in real space is larger. A larger real space volume cor-
responds to a smaller k-space volume. This increases the over-
lap of the exciton dispersion with the light-cone, increasing
the strength of the light matter interaction (and hence dipole
moment u), as well as decreasing the radiative lifetime 7j,q.
A decreased radiative lifetime decreases the overall dephasing
time 75 = Trad + Thon—rad» and via T» = i/ yields an increased
homogeneous linewidth. By this argument, one expects larger
Y for smaller ¢ and hence an anti-correlation between the
two linewidths, as pointed out by Jakubczyk?’-?® and Boule
et al.?®. In the idealized scenario of a radiatively limited ho-
mogeneous linewidth and no changes in the intrinsic linewidth
(i.e. only changes in the raditative linewidth contribute to ho-
mogeneous linewidth changes), a perfect anti-correlation is
therefore expected. However this anti-correlation might not
be perfectly linear, but see a strictly monotonous decrease of y
for increasing 6. Because the Pearson correlation coefficient
only captures the linear correlation, the coefficient would be
close to, but above -1. Furthermore, in the presence of non-
radiative homogeneous broadening mechanisms such as non-
radiative electron scattering, ¥ can be further increased?’-28,
weakening the anti-correlation. This is reflected in the litera-
ture, where Ref.?® measures correlations of p=-0.06 and p =
-0.425 for two different MoS, monolayer samples.

For quantum information applications, a small ¥ and & is
desired. The smallest y and o are hard to achieve for a given
materials platform because of the anti-correlation, which can
only be weakened by an increase in y due to non-radiative con-
tributions. However, based on the chosen materials platform
an overall low y and ¢ can still be achieved.

Maps of y and ¢ across the MoSe, monolayer are shown
in Fig. 2(a) and (b) respectively. The linewidths are extracted
by simultaneously fitting diagonal and cross-diagonal slices
in the 2D frequency data with the analytical solutions for abi-
trary amounts of ¥ and ¢ provided in*®. This is notably dif-
ferent from the procedure employed in?’~2?, where linewidths
are fitted in the temporal domain. As discussed in the Supple-
mentary Information, the frequency domain is less susceptible
to measurement noise because of the Fourier transform filter-
ing out a majority of the high frequency noise. Furthermore,
the frequency domain fitting procedure emphasizes the high
signal areas, as elucidated upon in the Supplementary Infor-
mation. After fitting, we further average 2 x 2 pixels together
to reduce pixel-to-pixel noise. The averaging leaves us with a
pixel size of 700 nm, close to the spatial resolution.

The areas of lower FWM show a significantly increased
o and a smaller y. Overall, ¥ shows drastic changes, rang-
ing between 0.75meV and 1.7 meV, more than a factor of
two difference. Depending on the sample spot ¢ increases
by up to a factor of 10, from below 3meV to values up
to 35meV. As pointed out in Ref.?’2%37  these changes
could be caused by strain, wrinkling, flake deformations,
cracks, changes in the dielectric surrounding, changes in dop-
ing/trapped charges/impurities/defects, and the free carrier
concentration. In this paper, we use the term "strain" to en-
compass all deformations of the material due to mechanical
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FIG. 2. (a,b) Homogeneous () and inhomogeneous linewidth (o)
map of the MoSe, monolayer. We average 2x2 pixels together for
these maps, obtaining a pixel size close to the spatial resolution. For
legibility, the color bar in (b) is capped at 14 meV. (¢) ¢ vs. ¥ for
all sample points. Sample points falling within the area of the green
(yellow) rectangle in (a) are plotted in green (yellow), all other sam-
ple points are plotted in black. Correlation for the sample points
within the colored rectangles and all data points together is calcu-
lated using the Pearson correlation coefficient. (d) Resonance energy
map of the MoSe; monolayer.

stress including strain, wrinkling, flake deformations, etc. As
discussed by Ref.?? and Ref.3® the variation of dielectric per-
mittivity and doping are suppressed by hBN encapsulation.
Furthermore, the exciton-trion ratio does not change signifi-
cantly between sample points A and B from Fig. 1(b), shown
in the supplementary information, suggesting no significant
variation in the doping across the sample. We also see no sig-
nature of the trion in the FWM. Similarly to Ref.?7, we thus
exclude those changes as the main cause for the variations
in the optical measurements. Similar to Ref?”-?®, we assign
linewidth and dipole changes to strain. Strain is associated
with larger exciton localization and hence larger ¢, smaller 7,
and smaller u.

The anti-correlation between y and ¢ across large areas of
the sample can best be visualized by plotting ¢ against 7, as
done in Fig. 2(c). Here, sample points falling within the green
and yellow rectangle [Fig.2(a)] are plotted in green and yel-
low respectively, while all other sample points are plotted in
black. In the following, we use the Pearson correlation coeffi-
cient which measures the linear correlation between two sets
of data A,B and is defined as p(A,B) = cov(A,B)/(c403).
Here, cov denotes the covariance of A and B and o is their
respective standard deviation. A moderately strong anti-
correlation of p = —0.47 £ 0.1 can be observed for the two
linewidths across the entirety of the sample. A closer in-
spection of Fig.2(c) together with Fig.2(a,b) suggests that
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there are areas of stronger anti-correlation, while other areas
show a weaker correlation between the linewidths. This is fur-
ther supported by plotting the two areas marked with a green
and yellow rectangle in Fig.2(c). Indeed, the green sample
points show a strong anti-correlation with a correlation co-
efficient p = —0.74 = 0.13, while the yellow points shows
a much weaker anti-correlation with a correlation coefficient
p = —0.33+0.26. Most importantly with regards to quan-
tum information applications, the yellow points show values
of y around 0.9 meV with comparatively low ¢ between 4.5-
7meV, while for the green rectangle similar values of y can
only be found with ¢ above 10 meV. Hence, the yellow rectan-
gle area towards the bottom of the sample is a more favorable
area than the green rectangle for quantum information appli-
cations that rely on low inhomogeneity and slow dephasing.
However, another low strain area towards the top of the sam-
ple, while showing overall lower ¢ also shows higher 7, illus-
trating that a low strain area is not inherently a "good" area of
the sample with regards to the application potential. "Good"
areas, with respect to quantum information applications, are
areas that (1) show linewidths in the homogeneous limit and
(2) have small homogeneous linewidths (i.e. long dephasing
times). With additional non-radiative contributions to Y such
as non-radiative electron scattering®’-?%, only a technique like
MDCIS allows to unambiguously identify the relevant sample
areas.

Assigning the linewidth and dipole changes to strain, we
can further distinguish between tensile and compressive strain
via the sign of resonance energy shifts across the sample’®.
We plot the exciton resonance energy across the sample in
Fig.2(d). This map shows significant shifts of the resonance
energy between 1645 meV and up to 1660 meV across the
10x 15 um? area of the sample. The areas of strongest res-
onance shifts also coincide with the areas of lower integrated
FWM. The observation of both red and blue shifts across the
sample points towards complex local strain dynamics involv-
ing both tensile (lower energies) and compressive (higher en-
ergies) strain, caused by the cracks and bubbles in the central
area of the sample.

Having established overall strain dynamics and how in-
tralayer excitons are affected in MDCIS across an encap-
sulated MoSe; monolayer, we can take these findings to a
more complicated material system, namely a MoSe,/WSe;
heterostructure.

B. MoSe;/WSe; heterostructure

We extend our study to a MoSe,/WSe, heterostructure en-
capsulated in hBN. Fig. 3(a) shows a white light microscopy
image of the heterostructure. Three exemplary MDCS spec-
tra taken at the three points marked in Fig. 3(a) are plotted in
Fig. 3(b). For the MoSe,/WSe, heterostructure, unless other-
wise stated, data was taken at 7=500 fs. The two on-diagonal
(dashed line) peaks are associated with the MoSe, and WSe,
intralayer A-exciton. The two off-diagonal peaks are in-
dicative of both coherent coupling and incoherent electron
and hole (charge) transfer, as discussed in previous work>.

The spectra show significant energy shifts and varying peak
strengths for both the MoSe; and WSe; resonances across the
sample. We spectrally integrate over the four peaks to better
visualize their strength variations across the sample. Maps of
the integrated FWM for the four peaks are shown in Fig. 3(c).
The figures have the same order as the peaks - with the MoSe;
(M) peak in the lower left, the WSe, (W) peak in the upper
right, and the MoSe,;/WSe; (M/W) and WSe,/MoSe, (W/M)
peak in the lower right and upper left respectively. Similar to
the MoSe; monolayer, there is a region of decreased FWM
towards the upper center of the sample, which is associated
with a high strain area due to wrinkles and bubbles that are
caused by fabrication. Apart from this area, the peak strength
is mostly homogeneous across the sample for all four peaks,
except for the MoSe; and MoSe,/WSe; peaks having a lower
strength towards the bottom left of the sample. The differ-
ences in peak strengths can partially be attributed to spatial
variations of the dipole moment u that differ for the two mate-
rials, based on the local strain profile. Furthermore, the finite
bandwidth of the employed laser and the reduced excitation
density at sample points where the WSe, (MoSe;) resonance
is shifted to higher (lower) energies can contribute to the spa-
tial peak strength variations.

The resonance energy shifts for the two resonances are plot-
ted in Fig. 3(d,e). A large shift towards lower energies down
to 1605 meV for the MoSe, resonance can be observed in the
center-left of the sample, while the WSe; resonance shifts to-
wards higher energies, up to 1680 meV in this area. Towards
the bottom area of the sample, both resonances shift towards
higher energies. Moreover, the MoSe; resonance shifts to-
wards significantly higher energies up to 1620 meV in the up-
per part of the sample. To correlate the resonance shifts, we
plot the MoSe; resonance vs. the WSe, resonance energy in
Fig. 3(f). Sample points falling within the red (blue) rectan-
gle are plotted in red (blue), all other data points are plotted
in black. While changes in the resonance energies seem to
be correlated, a Pearson coefficient of p = 0.07 +0.13 sug-
gests otherwise. A closer examination of Fig. 3(f) together
with Fig. 3(d) and (e) shows both strong correlation and anti-
correlation, which cannot be captured by the Pearson corre-
lation coefficient. Instead, to visualize the strong variation
of correlation across the sample, we examine the select areas
marked by a blue and red dashed rectangle in Fig. 3(d). For
the area marked by the blue rectangle (Reg D), a strong cor-
relation with p = 0.54 £0.12 can be observed. A correlation
between the two resonances is what would be expected: It
is well known that both encapsulation and heterostructure for-
mation commonly redshift the excitons®22, while compressive
(tensile) strain leads to red (blue) shifts*’. Both monolayers
should be affected in the same way by these factors. Con-
trary to this expectation, the area marked by the red rectan-
gle (Reg E) shows a moderately strong anti-correlation with
p = —0.43+£0.22. This points towards complex local strain
dynamics, where the two monolayers experience different
strain that leads to opposite resonance shifts. One possible
scenario is the compression of one monolayer which leads to a
bubble in the other monolayer, inducing tensile strain and thus
the opposite sign resonance shift. The attribution to strain is
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FIG. 3. (a) White light microscopy image of the hBN-encapsulated MoSe,/WSe, heterostructure. (b) Low-power, low-temperature MDCS
spectra of MoSe,/WSe, heterostructure at three different sample points marked by the three squares in (a). The laser spectrum used for all
MDCIS experiments on the heterostructure is plotted atop. (c) Integrated FWM of the four peaks shown in (b). The integration area for the
four peaks is shown for Location B in (b) and is kept fixed across the sample. The area of low intensity is a high strain area with cracks and
wrinkles. (d) MoSe; resonance energy map across the MoSe,/WSe, heterostructure. (e) WSe, resonance energy map across the MoSe,/WSe,
heterostructure. (f) MoSe, resonance energy vs. WSe; resonance energy for all sample points. Sample points falling within the area of the
red (blue) rectangle in (d) are plotted in red (blue), all other sample points are plotted in black. Correlation for the sample points within the
colored rectangles and all data points together is calculated using the Pearson correlation coefficient.

further supported by the fact that the largest resonance shifts
can again be observed around an area of low FWM with phys-
ical imperfections (cracks, bubbles, wrinkles) visible in white
light microscopy [see Fig. 3(a)].

The local strain profile also leads to large variations in the
ILE PL. The integrated ILE PL plotted in Fig.4(a) shows a
strong maximum at the high-strain area of minimum FWM,
but appears otherwise relatively homogeneous in strength
across the sample. These observations align with the obser-
vations on the MoSe; monolayer. The emission energy of
the ILE is plotted in Fig.4(b). The area of strong PL shows
above average energy of ILE emission around 1370 meV. The
upper area of the sample also shows a higher ILE emission
energy around 1355 meV, while the lower part of the sample
shows lower emission energies down to 1330 meV. The strong
changes of the ILE PL, including emission strength and en-
ergy, even outside the high strain area, can be further empha-
sized when plotting two select spectra in what appears to be a

relatively homogeneous region in the bottom half of the sam-
ple. These spectra plotted in Fig. 4(c) demonstrate that even in
the bottom part of the sample, ILE emission is highly spatially
heterogeneous.

We further observe a strong correlation between the ILE
PL-emission energy and the MoSe, resonance energy (mea-
sured with MDCS), as evident from Fig. 4(d) and a correlation
coefficient p = 0.4705. The correlation with the WSe, reso-
nance [Fig. 4(e)] is much weaker (p = —0.2723). This differ-
ence can be explained as follows: As Khatibi et al.>’ show
for TMD monolayers, along the K-point, mainly the conduc-
tion band is affected by strain, while effects on the valence
band are negligible. Thus, as illustrated in Fig. 4(f), the strain-
induced conduction band shift in the MoSe, immediately af-
fects the ILE emission energy, while the strain-induced shift in
the WSe; should have no effect. The residual anti-correlation
between ILE emission energy and WSe, resonance energy
stems from the local (anti-)correlation between MoSe, and
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fluence of strain.

WSe, established in the discussion above. Given these sig-
nificant strain-induced changes to the heterostructure, if, and
how much these changes affect the coupling between excitons
in the two layers is a topic of interest.

To shed some light on the coupling dynamics, we em-
ploy dynamic MDCIS, where the pump-probe delay 7 [see
Fig. 1(a)] is varied to access coherent and incoherent cou-
pling dynamics in the heterostructure. We plot the integrated
FWM of the MoSe,/WSe, (M/W) and WSe,/MoSe, (W/M)
coupling peaks for varying 7' delay in Fig.5(a) and (b) re-
spectively. Here, we have normalized both peaks by VM -W,
with M and W being the integrated FWM of the MoSe; and
WSe; peak at T=20fs respectively. This factors out the ef-
fect of local dipole moment changes, a more detailed discus-
sion can be found in the supplementary information. All im-
ages for each peak are subsequently normalized by a single
value so that the brightest pixel at T=0fs has a unity am-
plitude. Initially, the signal decays for both coupling peaks
from O to 40 fs but recovers again for 60fs. A smaller vari-
ation of the integrated amplitudes can be observed between
60-100 fs. This behavior can be assigned to coherent coupling
oscillations, that have been shown to occur in MoSe>/WSe,
heterostructures®. The coherent oscillation has an amplitude
of approximately 50% (with respect to the peak amplitude)
across the sample, the signature of strong coupling between
excitons in the two layers. As discussed by Hao ef al.?!, the
amplitude is below unity due to interference between differ-

ent coherent coupling contributions and exponentially decay-
ing phase-space filling nonlinearities. In between 7=100fs
and 7=500fs both coupling peaks show a clear rise that we
assign to the charge transfer that has been observed using
MDCS in this speciﬁc heterostructure’, as well as other TMD
heterostructures’. While not resolved here the charge trans-
fer for the WSe,/MoSe; peak is faster in this sample, as indi-
cated by both previous measurements?, as well as the broader
linewidths of the WSe; peak in Fig. 3(b). The strong ampli-
tude change between 100 fs and 500 fs suggests highly effi-
cient electron and hole transfer in the heterostructure. Most
strikingly though, both coherent coupling and charge trans-
fer appear mostly homogeneous across the sample. This is
evident from the fact that the relative peak strength across the
sample remains mostly unchanged along 7', while the absolute
peak strength changes. The homogeneity can be visualized
by comparing the relative strength profiles at 7=0 fs, T=40fs,
T=100fs, and T=500fs, as done in Fig. 6(a). Here, we plot
the difference between the integrated FWM maps for the M/W
peak, normalized by the M/W map at 7=0 fs. We plot the dif-
ference between 7=0fs and T=40fs (leftmost map), T=40fs
and T=100 fs (center map), and T=100 fs and T=500fs (right
map). Both the initial decay and recovery, part of the coher-
ent coupling oscillations, show a homogeneous strength pro-
file across the entire sample. Moreover, the charge transfer
rise between 100 fs and 500 fs shows the same homogeneous
strength profile. To quantify the homogeneity of coherent cou-
pling and charge transfer we look at images of the dipole-
normalized coupling peaks, plotted in Fig. 5(a). With the nor-
malization, the main physical effects contributing to a spa-
tially inhomogeneous coupling peak map are variations of the
coherent coupling strength, or incoherent transfer processes.
While showing some spatial inhomogeneity, 81% of the sam-
ple fall within +20% of the average amplitude for 7=40 fs.
This T-step was chosen because finite pulse effects happen
at earlier T, while incoherent charge transfer dominates for
later T', leading to a dominant coherent coupling contribution.
Similarly, for T7=500fs, 91% of the sample fall within +20%
of the average amplitude. This suggests that while some in-
homogeneity of the coherent coupling and charge transfer re-
mains, both are surprisingly robust towards the strain in this
sample. An extensive discussion of the scheme to determine
homogeneity can be found in the supplementary information.
While the amplitude difference maps can be used to disentan-
gle contributions of charge transfer from coherent coupling?,
noise in the low-FWM signal makes quantitative results on the
homogeneity inconclusive. These results are presented in the
supplementary information.

Moderate resonance shifts due to strain on the order of
10-20 meV are not inherently expected to change the charge
transfer dynamics significantly because the shift is compar-
atively small to the band offsets of hundreds of meVs340,
However, the sensitivity of charge transfer to sample param-
eters such as the twist angle>*! and lattice separation*? is
well documented. With the resonance shifts being an indi-
cator of complex local strain dynamics, this strain is expected
to change the interlayer spacing, among other things. These
previous findings render our observation of spatially homoge-
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neous charge transfer rather surprising. Moreover, the coher-
ent coupling between the resonances is expected to be equally
dependent on the intralayer separation. Indeed, a limited de-
crease of the coherent coupling strength is observable for the
top part of the sample, as illustrated in Fig. 6(b). Here, we
plot the integrated FWM of the MoSe,/WSe; coupling peak
along the three arrows drawn in Fig. 5(a). Both the green and
red arrows, on the lower part of the sample, show a strong co-
herent coupling oscillation with only small, random changes
when moving across the sample, consistent with the observa-
tions in Fig. 6(a). However, the data for the blue arrow shows
a weaker oscillation, which might be either caused by a re-
duced amplitude or a more rapid dephasing of the coherent
coupling in the upper area of the sample. Given the strong
resonance shifts for the MoSe,resonance in this area as well
as the reflectance map (see supplemental information) we as-
sume this to be an area of increased interlayer spacing. The

increased interlayer spacing can explain the reduced coherent
coupling strength/more rapid dephasing.

This specific area also shows up distinctly in the FWM
decay time map plotted in Fig.6(c). The decay time map
is acquired at t+ = 7 = 0 while moving the 7 delay [see
Fig. 1(a)]. The FWM decay in the heterostructure for 7>50 ps
is dominated by interlayer exciton decay through ground-state
bleaching contributions to the signal*>. The decay time can
thus be taken as an indirect probe of the interlayer exciton life-
time. The bottom area of the sample again shows no notable
spatial inhomogeneity in the lifetime, with values in the range
between 500-550 ps. Given the low twist angle of this sam-
ple, these values are in good agreement with the literature!°.
The upper area of the sample has on average a 30-40% lower
lifetime and larger inhomogeneity with values ranging from
300-550 ps. The combination of reduced interlayer exciton
lifetime as well as reduced coherent coupling, together with
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the resonance shifts observed in this area, show that the sam-
ple properties are not entirely immune to strain and defect
induced changes. Nonetheless, the relatively low sensitivity
towards these changes remains surprising.

IV. CONCLUSIONS AND OUTLOOK

We have examined an encapsulated MoSe, monolayer and
an encapsulated MoSe,/WSe; heterostructure using multi-
dimensional coherent imaging spectroscopy. We image strain,
dephasing, and inhomogeneity across the monolayer, showing
a moderately strong anti-correlation between homogeneous
and inhomogeneous linewidths that increases and decreases
based on the area on the sample. Using MDCIS allows us to
unambiguously identify promising and unfavorable areas for
quantum information applications. We also visualize a spa-
tially dependent dark vs. bright state distribution using the
difference between heterodyne detected FWM images, PL,
and PL-detected four-wave mixing. Carrying this technique
over to the heterostructure, we map the complex strain dynam-
ics by correlating resonance energies. Our observations lead
us to propose a phenomenological model for the band struc-
ture changes due to strain variations, using additional inter-
layer exciton photoluminescence measurements. Employing
dynamic multi-dimensional coherent imaging spectroscopy,
we visualize coherent coupling and electron and hole trans-
fer across the sample. While certain areas of the sample show
a reduced coherent coupling and decreased interlayer exciton
lifetime, we demonstrate an overall robustness of the coupling
dynamics to strain and defects across the sample.

The future of these materials, especially in the realm of
quantum information, is inherently coupled to the scalability
and quality of fabricated devices. This work shows a repro-
ducibility of crucial physical properties - dephasing time, cou-
pling strength, and interlayer exciton lifetime - across large
areas of the sample. The reproducibility lays the ground-
work and strengthens the case for transition metal dichalco-
genides as a next generation material. We further demon-
strate the usefulness of the multi-dimensional coherent imag-
ing spectroscopy technique which, on a smaller scale, has
been realized by spatially-addressed multi-dimensional coher-
ent spectroscopy”’ 23!, However, recent technological ad-
vances in lock-in detection®® allow for a larger scale realiza-
tion of multi-dimensional coherent imaging spectroscopy and
related techniques, advancing the forefront of materials and
device characterization.

SUPPLEMENTARY MATERIAL

See supplementary material for additional information on
the experimental setup, the linewidth fitting procedure, reflec-
tion maps of the samples, and PL-detected FWM imaging data
on the MoSe, monolayer.
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