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Optical dipole orientation of interlayer excitons in MoSe,-WSe, heterostacks

Lukas Sigl,!" Mirco Troue ®,' Manuel Katzer ©,> Malte Selig,” Florian Sigger,' Jonas Kiemle,' Mauro Brotons-Gisbert®,’

3

Kenji Watanabe ®,* Takashi Taniguchi,’ Brian D. Gerardot®,? Andreas Knorr,?
Ursula Wurstbauer,® and Alexander W. Holleitner!
"Walter Schottky Institute and Physics Department, TU Munich, Am Coulombwall 4a, 85748 Garching, Germany
2 Institut fiir Theoretische Physik, Nichtlineare Optik und Quantenelektronik, Technische Universitdit Berlin, 10623 Berlin, Germany
3 Institute of Photonics and Quantum Sciences, SUPA, Heriot-Watt University, Edinburgh EH14 4AS, United Kingdom
4Research Center for Functional Materials, National Institute for Materials Science, Tsukuba 305-0044, Japan
SInternational Center for Materials Nanoarchitectures, National Institute for Materials Science, Tsukuba 305-0044, Japan
®Institute of Physics, University of Miinster, Wilhelm-Klemm-Str. 10, 48149 Miinster, Germany

® (Received 20 October 2021; revised 17 December 2021; accepted 20 December 2021; published 14 January 2022)

We report on the far-field photoluminescence intensity distribution of interlayer excitons in MoSe,-WSe,
heterostacks as measured by back focal plane imaging in the temperature range between 1.7 and 20 K. By
comparing the data with an analytical model describing the dipolar emission pattern in a dielectric environment,
we are able to obtain the relative contributions of the in- and out-of-plane transition dipole moments associated to
the interlayer exciton photon emission. We determine the transition dipole moments for all observed interlayer
exciton transitions to be (99 £ 1)% in plane for R- and H-type stacking, independent of the excitation power
and therefore the density of the exciton ensemble in the experimentally examined range. Finally, we discuss the
limitations of the presented measurement technique to observe correlation effects in exciton ensembles.
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I. INTRODUCTION

Transition-metal dichalcogenides (TMDs) exhibit a strong
light-matter interaction even in the monolayer limit, mak-
ing them promising candidates for novel two-dimensional
(2D) optoelectronic applications [1]. Due to the weak dielec-
tric screening, the photoluminescence response is dominated
by excitons with binding energies on the order of several
hundreds of meV [2]. The fabrication of van der Waals het-
erostacks with a type-II band alignment allows the excitation
of so-called interlayer excitons (IXs), where the constituting
electron and hole states are located in two adjacent mono-
layers [3-9]. The reduced wave function overlap in such IXs
results in long lifetimes on the order of hundreds of nanosec-
onds [5], thus making dense exciton ensembles cooled to
lattice temperature experimentally accessible. Such exciton
ensembles are ideal to explore the many-body phase diagram
in quasiequilibrium. Due to the bosonic nature of IXs in
combination with a permanent out-of-plane electric dipole
moment [10,11], a versatile interaction-driven phase diagram
with classical and quantum phases, including superfluidity
and a quasicondensation is expected [12—14].

In each monolayer of the heterostacks, the optical selec-
tion rules are dominated by a strong spin-orbit coupling and
a broken inversion symmetry, such that states are typically
spin and valley polarized [15]. As a result, intralayer exci-
tons with electrons and holes being localized in the same
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monolayer, can be dipole allowed (bright) with in-plane (IP)
or out-of-plane (OP) transition dipole moments, or generally
forbidden (dark) depending on the quantum numbers of the
contributing single particle states [16,17]. In monolayer WS,,
WSe,, as well as charge-neutral MoS,, the energetic splitting
between bright and dark excitons has been reported to be
positive, which implies that the excitonic ground state tran-
sition is considered to be momentum or spin forbidden (dark)
[17-24]. In contrast, the energetically lowest exciton transi-
tion in MoSe; is reported to be bright with an IP optical dipole
moment [23,25-27]. For heterostacks, the combination of
band hybridization [10], strong spin-orbit interaction, atomic
reconstruction of the interface [28], and the possible formation
of moiré superlattices [29] makes an accurate description of
the exciton transitions more demanding. Note that one differ-
entiates between two different kinds of dipoles. The optical
transition dipole, as discussed in the current paper, defines
the transition rate and the optical selection rules, whereas the
permanent electric dipole is a consequence of the spatial sepa-
ration of electron and hole as can be deduced from Stark shift
measurements in field-effect devices [10,11]. First theoretical
work presents calculated band structures and optical selection
rules particularly for MoSe,-WSe, heterostacks [16,30,31].
For the corresponding IXs, a finite oscillator strength is pre-
dicted for both IP (o4) and OP (z) transition dipoles [30].
However, so far no signatures of z-polarized IX transitions
have been reported and the quantitative contribution of OP
transition dipoles to the overall photoluminescence remains
unclear.

In this work, we experimentally determine the optical
dipole orientation of IXs in R- and H-type MoSe,-WSe;

©2022 American Physical Society
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FIG. 1. (a) Sketch of the back focal plane (BFP) imaging principle on 2D materials. The inset on the lower right displays a scheme of
the sample structure. A MoSe,-WSe, heterobilayer is encapsulated within a top and bottom hBN layer. The substrate is silicon (Si) with a
290-nm-thick SiO, buffer layer. (b) Comparison of photoluminescence signal on the heterostack (black) and monolayer MoSe, (red).
(c) Intensity normalized k-space emission pattern of intralayer excitons X° of monolayer MoSe,. The photoluminescence is filtered by an
optical bandpass filter [red area in (b)] and analyzed by a linear polarizer. The in-plane photon wave vector is normalized to & in air. (d) Cross
section of the emission pattern in (c) along the directions parallel (blue) and perpendicular (red) to the linear polarizer. The blue and red solid
lines correspond to a model fit revealing a (99 & 1)% IP optical dipole moment. The deviation of the model from the measurements around
k = 0 is caused by impurities in the optical path. (e) Intensity normalized k-space emission pattern of interlayer excitons (IXs). (f) Cross
section of the emission pattern in (e) along the directions parallel (blue) and perpendicular (red) to the linear polarizer. Fitting the source term
model (blue and red solid lines), we obtain an optical dipole orientation of @ = 87.3°, which corresponds to n = (99 £ 1)%.

heterostacks via back focal plane (BFP) imaging at low tem-
peratures. So far, room temperature experiments resolved the
optical transition dipole moment from the photoluminescence
far-field distribution of single molecules [32] and excitons
in TMD monolayers [20,26,27,33,34]. At low temperatures,
single photon emitters and excitons in WSe, have been
characterized in this manner [35]. For the heterostacks, we
quantify the contribution of IP and OP optical dipole moments
to the IX photoluminescence by utilizing an analytical model
describing a dipole emission pattern in a dielectric environ-
ment in dependence of temperature and laser excitation power.

II. RESULTS

In our experiments, the MoSe,-WSe, heterostacks are
cooled down to a lattice temperature between 1.7 and 20 Kin a
closed cycle helium cryostat. We optically excite the samples
at A = 639 nm (1.95 eV). A low-temperature microscope ob-
jective (NA = 0.81) focuses the light to a diffraction-limited
spot and the emitted light is collected by the same objective.
Two achromatic lenses inside the cryostat act as relay lenses.
We use an achromatic tube lens outside of the cryostat to
map a real-space image of our sample onto a charge-coupled
device. By inserting a Bertrand lens in front of the charge-
coupled device, we can image the BFP [Fig. 1(a)]. The angular
emission pattern depends on the orientation of the optical tran-
sition dipole moment and is encoded in the resulting intensity
distribution. We can distinguish between s- and p-polarized

emission by inserting a linear polarizer after the objective.
Finally, we compare the experimental data to an analytical
model, as described later in the text to extract the dipole
orientation, which can be depicted as a linear combination of
IP and OP optical dipole moments [36].

Figure 1(b) shows an exemplary photoluminescence spec-
trum of hexagonal boron nitride (hBN) encapsulated mono-
layer MoSe; at a lattice temperature of 7 = 1.7 K (red). We
observe bright intralayer exciton emission attributed to the
charge-neutral 1s exciton X° at 1.645 eV and the charged trion
XT at 1.621 eV, in very good agreement to current reports
in literature [7]. In contrast, on the heterostack region of this
first sample (I), intralayer exciton emission is quenched most
likely due to an effective charge transfer between the layers
[5,10]. Instead, we observe an emerging emission line around
1.4 eV (black), which is attributed to the formation of IXs with
the electron residing in MoSe; and the hole in WSe; [14].

We start showing the experimental k-space emission pro-
files of the neutral 1s intralayer exciton of monolayer MoSe,
in Fig. 1(c). The photoluminescence is filtered by an optical
bandpass filter [marked by the red area in Fig. 1(b)] to sup-
press other luminescence, e.g. from X T. To reduce noise and to
average out anisotropies along the optical path, we record 36
BFP images by rotating the polarizer in steps of 10° over 360°.
The final image is then obtained by rotating and averaging
all images [27]. The vertical (k,/ko) and horizontal (k./ko)
axes in Fig. 1(c) represent the orthogonal components of the
in-plane photon wave vector [ko sin(6°*)], with the emission
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angle 6°"" and ko = E/lic the photon wave vector in air.
Photons with an in-plane wave vector larger than the nu-
merical aperture of the objective are not collected (dark-blue
region).

We simulate the k-dependent dipole emission profile of
excitons in our heterostacks by employing the model proposed
by Benisty et al. [37]. The model combines a transfer matrix
method with dipole emission source terms originating from
the source layer. We assume an isotropic radial distribution
of incoherent dipoles that exhibit an angle « with respect to
the out-of-plane direction (z). The s- and p-polarized compo-
nents of the outside electric field E;‘S“(a, 0°") are calculated
separately for each emission angle 6°". Finally, the k-space
intensity profiles for directions parallel (1,) and perpendicular
(L) to the collection polarizer are calculated as

1 oul ou
(e, 0°1)

T E
COS(@OUI) P

Ip,s (a, eout) =

ey

with the standard apodization factor cos™!(6°") to consider
the energy conservation after collimating the light with an
objective [32]. The contribution of IP dipole moments to
the total emission intensity / is determined by the following
expression:

e
ni=

= sin’(a), 2)
where « represents the dipole orientation. We assume a con-
fidence level of +1% for the extracted n [27]. Since we
independently determine the thickness of each layer as well
as the refractive indices [38—40], we can use the source term
model to fit the observed BFP images, with « as the only free
parameter. From the optimized «, we obtain the underlying
contributions from IP/OP dipole moments to the total emis-
sion according to Eq. (2).

Figure 1(d) presents the vertical and horizontal cross
sections of the normalized k-space emission pattern from
Fig. 1(c). They correspond to the directions parallel and per-
pendicular to the linear polarizer. The reduced intensity in
the range —0.2 < k/ky < 0.2 is caused by an impurity in the
optical path, most probably due to a small dust particle/dirt
on an optical lens. The quenched signal by the impurity is
not affected by the rotating polarizer and thus can be easily
identified. Consequently, we exclude this range in the model
fit. The result is presented by the solid red and blue lines and
corresponds to a (99 & 1)% IP dipole moment [« = 85°; cf.
Eq. (2)], as expected for the neutral intralayer exciton X° in
monolayer MoSe; [16,27,30].

The k-space emission pattern for IXs of sample I is dis-
played in Fig. 1(e), with the corresponding cross sections in
Fig. 1(f). In contrast to the results on the intralayer excitons,
we observe enhanced intensities at larger k vectors compared
to k = 0. However, from the model fit indicated as blue and
red solid lines, we again obtain a (99 £ 1)% IP dipole mo-
ment [« = 87°; cf. Eq. (2)]. The apparently differing BFP
images for intra- and interlayer excitons solely result from
the differing emission wavelengths of intra- and interlayer
excitons, since wavelength-dependent refractive indices and
interference effects in the multilayer structure alter the far-
field intensity depending on the emission angle [36].

In the next step, we characterize the emission profile of the
IXs as a function of density and stacking angle. Figure 2(a)
shows the photoluminescence spectra of sample I at excita-
tion powers of P = 890 nW in black and P = 1.16 mW in
gray. The stacking type is identified by measuring the effec-
tive Lande g factor (g = —14.8 £ 0.2), which we attribute to
H-type stacking [29]. From second-harmonic generation of
each layer, we determine the rotational alignment ¢ to be
(60 &= 1)°. We observe three different IX emission lines, la-
beled as IXV, IX® | and IX® from lowest to highest energy.
At low excitation powers, only IX! is observed in the spec-
trum. For increasing excitation powers, IX® and IX® emerge
and finally dominate the photoluminescence, as reported by us
before in Ref. [14].

Figures 2(b) and 2(c) show the corresponding far-field
emission pattern as a function of emission angle 6°". The
maximum detection angle +6ys is determined by the ob-
jective’s NA and constitutes to £60ys = 54.1° (NA = 0.81).
Independent of the excitation power, the fits to the observed
k-space images (dashed lines) reveal n = (99 = 1)% within
the given experimental uncertainties. The slight deviations
between low [Fig. 2(b)] and high excitation powers [Fig. 2(c)]
are captured in the model by shifts in the IX emission
wavelengths. We note that a second sample (II) with H-type
stacking and similar IX emission shows the same robust IP
contribution 7.

In Fig. 2(d), we present the photoluminescence character-
istics of a third sample (III) with R-type stacking [g = +4.8 +
0.1, ¢ = (0 £ 1)°], with excitation powers of P = 825 nW
(black) and P = 0.96 mW (gray). Similar to the previous
sample, we observe three emission lines with the same power-
dependent relative intensities. The model fit reveals n = 100%
for all excitation powers; compare Figs. 2(e) and 2(f).

In Fig. 3(a), we present the normalized photoluminescence
spectra of sample I for increasing temperatures from 1.7 K
up to 20 K. The excitation power is kept constant at P =
5.6 uW. Overall, the emission of IX") dominates the pho-
toluminescence in the chosen experimental parameter space.
However, for increasing temperature, the intensity of IX!
exponentially decreases [14], and thus, the relative intensities
of emission lines IX® and IX® increase. Nevertheless, the
simultaneously revealed IP dipole moment contribution of
n = 98%-100% stays constant within the uncertainties, as
depicted in Fig. 3(b).

III. DISCUSSION

On all our samples we observe three different IX emission
lines. Several suggestions have been made in literature to
address the origin of the different transitions, considering mo-
mentum direct [7-9] and indirect transitions [6]. Momentum
indirect exciton states require additional momentum during
the radiative recombination process, which may be provided
by phonons [41]. The phonon-assisted radiative recombina-
tion couples to the light field via virtual transitions at the
K valley. Consequently, the corresponding emission line in
the spectrum inherits the polarization of the K point. In turn,
we do not expect different polarizations of momentum direct
and indirect transitions, which makes them indistinguishable
in the BFP images.
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FIG. 2. (a) Low-temperature (T = 10 K) photoluminescence spectra of interlayer excitons (IX", IX®, IX®)) on a heterostack with H-type
stacking (¢ =~ 60°) at two different excitation powers, P = 890 nW (black) and P = 1.16 mW (gray). Optical filters are used to suppress
photoluminescence signal outside the wavelength range of 850-900 nm, indicated by the yellow-shaded area. The corresponding s- and
p-polarized far-field emission pattern of the spectra in (a) as a function of the emission angle 6°* are presented in (b) and (c), respectively.
The black dashed lines indicate the maximum collection angle (6xa) provided by the NA of the objective. Red and blue dashed lines represent
the resulting fits by the source term model. The relative contribution of IP transition dipole moments is denoted by 7. (d) Photoluminescence
spectra (T' = 1.7 K) of interlayer excitons on a heterostack with R-type stacking (¢ >~ 0°) at excitation powers P = 825 nW (black) and
P = 0.90 mW (gray). The spectrum at higher excitation power is fitted by two Lorentzians, referred to as IX®® (orange) and IX® (red). (e),(f)
The corresponding far-field emission pattern of the spectra in (d) as a function of the emission angle 6°*.

Our results show that the observed BFP emission patterns
of IXs in MoSe,-WSe, heterobilayers can be consistently
simulated by an optical dipole approximation, where the
dipole radiation is modified by a layered dielectric en-
vironment [37]. From the model, we determine that the
photoluminescence of all observed XD, IXP and IX® is
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FIG. 3. (a) Normalized photoluminescence spectra of IXs from
1.7 to 20 K. Excitation power is set to P = 5.6 uW. Optical filters are
used to suppress photoluminescence signal outside the wavelength
range of 850-900 nm. Overall, emission of IX" dominates the
spectra for the chosen laser intensity. For higher temperatures, the
relative intensity of emission line IX® increases. (b) Corresponding
relative contribution of IP optical transition dipole moments 7 as a
result of the source term model fit.

dominated by IP optical dipole moments. We obtain an upper
limit for the OP contribution to be 2% of the total oscillator
strength, independent of the stacking type (H or R type) and
of the here studied excitation powers and temperatures.

The findings are consistent with previous experiments re-
porting on a circularly polarized photoluminescence from IXs
[6,7]. From theory, IP and OP optical transition dipoles are
predicted for both R- and H-type stacking [16,30]. We note
that structural deformations are likely to occur in our sam-
ples due to an atomic reconstruction [42], since all measured
samples exhibit a rotational alignment of A¢ ~ 0° within the
given uncertainties. As a result, the ideal moiré pattern is
reconstructed and the crystal structure is expected to exhibit
laterally extended areas of high symmetry [28]. Exemplary,
for ¢ = 60° (H type), the stacking configuration H/! is ex-
pected to cover most of the heterostack area [16]. In turn, the
oscillator strength related to OP transition dipole moments
is expected to be negligible [30], as is consistent with our
experiments.

In a previous work, we attributed XD as in sample I to
a possible excitonic many-body state which portrays itself in
several criticalities [14], particularly as a function of tem-
perature and exciton density. As can be seen in Figs. 2(b)
and 2(c), the measured exciton distributions do not show
a pronounced occupation of the energetically lowest states
around k = 0, even at the lowest measured temperatures of
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B(T) B (T)

FIG. 4. From (a) to (c): Zeemann splitting of IX? for samples I,
IL, and III in an out-of-plane magnetic field B. The energy difference
AE is measured between o* and o~ polarized emission. Linear
fits (black lines) reveal g factors of —14.8 £0.2, —16.2 + 0.5, and
+4.8 £0.1.

1.7 K. For comparison, in a similar temperature range, sharp
distributions below a momentum of 10~3 nm~' were reported
for exciton-polariton condensates realized in a CdTe/CdMgTe
microcavity grown by molecular beam epitaxy [43]. For
polaritons, however, the condensation takes place in the en-
ergetically lower polariton branch of a microcavity, where
the polariton mass is only on the order of 10~ free electron
masses. The small effective mass results in an extremely nar-
row polariton distribution in momentum space, e.g., with a
FWHM in the range of 3.5 x 10~* nm~" at uu/kzT = —0.05.
For the samples studied here, the IXs have masses on the
order of the free electron mass (M =~ 1.04m, in MoSe,-WSe,
heterostacks) [44]. In turn, the actual exciton distribution
is much broader, with an expected FWHM in the range of
0.035 nm~! for the same discussed condensation conditions,
ie., w/kgT = —0.05. Additionally, the observation of the
involved exciton distributions is limited by the photon mo-
mentum kg ~ 0.007 nm~' (at an emission energy of 1.4 eV).
Consequently, the exciton distribution can be expected to be
flat in the radiative window even for high densities, as we
observe in Figs. 1(e) and 1(f) but in contrast to the polariton
case. The above considerations apply to both IXs being direct
or indirect in k-space [5]. For IXs that are indirect in momen-
tum space, the radiative decay has to be assisted by additional
phonon scattering events or disorder [41], both of which lead
to an extra broadening of the observed spectra beyond the
actual exciton distribution. While the dispersion and coupling
strength of intervalley transitions do not significantly depend
on the momentum of the involved phonon in the range of
the radiative light cone [45], the phonon scattering events
smear out the actually narrow exciton dispersion during the
phonon-assisted emission process leading to a relatively flat
profile in the emission. As a consequence, we do not expect
different BFP emission patterns between a weakly interacting
exciton gas and a correlated exciton ensemble under the given
experimental conditions. Moreover, we note that interference
effects in the heterostacks at specific wavelengths can further
overlay the emission pattern [cf. discussion of Figs. 1(d) and
1()], and as far as the model is concerned, it only considers an
incoherent optical dipole with a single frequency to describe
the exciton photoluminescence [37]. Last but not least, we
give an upper boundary for the IX densities as explored in
this report for samples I, II, and III. The maximum density for

IX can be estimated to be in the order of 3 x10'' cm—2

before IX® and IX® appear in the spectrum (cf. [14]).
Future experiments at a possibly lower exciton temperature
and similar or higher densities will show whether BFP imag-
ing is able to resolve the IX distributions at very small k
indicating possible many-body phases of IX ensembles.

IV. CONCLUSION

In summary, we experimentally investigated the far-field
photoluminescence intensity distribution of IXs in three dif-
ferent MoSe,-WSe, heterostacks based on back focal plane
imaging. A model assuming a classical dipole radiation and
being modified by a layered dielectric environment success-
fully reproduces the observed patterns. From the model, we
determine that the photoluminescence of all observed IXs is
dominanted by IP optical dipole moments. We obtain an upper
limit for the OP contribution to be 2% of the total oscillator
strength, independent of the stacking type (H or R type) and
the here studied excitation powers and temperatures.
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APPENDIX

Sample characterization

Table I gives an overview of the layer thicknesses for the
presented samples. The parameters are required to adequately
model the dipole emission pattern in the source term model.
We determine the thicknesses of top and bottom hBN by
atomic force microscopy and the SiO, layer by white-light
reflectometry. The wavelength-dependent refractive indices
are taken from Refs. [38—40]. Figure 4 presents the Zeeman
splitting and the corresponding g factors for the three investi-
gated samples.

TABLE I. List of measured layer thicknesses for SiO,, bottom
and top hBN for all samples.

Sample SiO, (nm) b-hBN (nm) t-hBN (nm)
I 295.6 £0.9 8.7+0.4 134404
i 294.5+0.1 15.64+0.2 13.940.1
I 286.6 0.4 18.540.1 16.0 £ 0.1
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