&
4

Nanoscale

Nanoscale

Interlayer exciton landscape in WS> /tetracene

heterostructures

Journal:

Nanoscale

Manuscript ID

NR-ART-04-2022-002055.R3

Article Type:

Paper

Date Submitted by the
Author:

28-Nov-2022

Complete List of Authors:

Thompson, Joshua; Philipps-Universitat Marburg, Department of Physics
Lumsargis, Victoria; Purdue University, Department of Chemistry
Feierabend, Maja; Chalmers University of Technology, Department of
Physics

Zhao, Quichen; Purdue University, Department of Chemistry; Jilin
University, State Key Laboratory of Superhard Materials

Wang, Kang; Purdue University, Davidson School of Chemical
Engineering

Dou, Letian; Purdue University, Davidson School of Chemical Engineering
Huang, Libai; Purdue University, Department of Chemistry

Malic, Ermin; Philipps-Universitat Marburg, Department of Physics;
Chalmers University of Technology, Department of Physics

s

S ARONE™

Manuscripts




Page 1 of 8 Nanoscale
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The vertical stacking of two-dimensional materials into heterostructures gives rise to a plethora of intrigu-
ing optoelectronic properties and presents an unprecedented potential for technological development. While
much progress has been made combining different monolayers of transition metal dichalgonenides (TMDs),
little is known about TMD-based heterostructures including organic layers of molecules. Here, we present a
joint theory-experiment study on a TMD/tetracene heterostructure demonstrating clear signatures of spatially
separated interlayer excitons in low temperature photoluminescence spectra. Here, the Coulomb-bound elec-
trons and holes are localized either in the TMD or in the molecule layer, respectively. We reveal both in theory
and experiment signatures of the entire intra- and interlayer exciton landscape in the photoluminescence spec-
tra. In particular, we find both in theory and experiment a pronounced transfer of intensity from the intralayer
TMD exciton to a series of energetically lower interlayer excitons with decreasing temperature. In addition,
we find signatures of phonon-sidebands stemming from these interlayer exciton states. Our findings shed light
on the microscopic nature of interlayer excitons in TMD/molecule heterostructures and could have important

implications for technological applications of these materials.

A controlled vertical stacking of atomically thin materi-
als into van der Waals heterostructures with tailored proper-
ties has recently become feasible'->. In particular, there has
been much progress in understanding homo- and heterobilay-
ers of transition metal dichalcogenides (TMDs)*-®. The strong
Coulomb interaction leads to a variety of excitons in these
materials®!3. Recent experiments have observed signatures of
spatially separated interlayer exciton states (ILXs)%!416. So
far, ILX signatures have been mostly demonstrated in TMD
homo- and heterobilayers. A recent study showed that ILXs
can also be observed in organic/heterostructures, where a thin
crystalline film of organic molecules is stacked on a TMD
monolayer!”. Tetracene (Tc) molecules are of particular inter-
est due to their excellent light-emitting and light-harvesting
properties'®2% and their similar band gap energies to TMD
materials®'.

Interfaces of TMDs and organic molecules have recently
attracted significant interest?>*. This is in part due to the
complimentary properties of the two systems. TMDs pos-
sess large electronic mobilities> and are regularly used in op-
toelectronic applications. In contrast, molecular films such
as Tc have a low mobility, yet have many advantages over
TMDs in optoelectronic applications. These include high op-
tical absorption efficiency'”; low-cost fabrication®®; singlet
fission, allowing efficient energy transfer in photovoltaics?®;
and regioselective modification, which permits the fine tun-
ing of the electronic and optical properties of the molecule?’.
These, coupled with the relatively enormous family of organic
molecules compared to that of TMDs offers an almost infinite
playground with which to tailor devices. A detailed under-
standing of the electronic and optical properties of such in-
terfaces is therefore paramount. In particular the behaviour
of excitons at this interface crucially determines the proper-
ties and functionality of photovoltaic and other optical appli-
cations including sensors.

Figure 1. Artistic illustration of intra- and interlayer excitons in
a TMD/Tc heterostructure. Intralayer exciton (coloured) can effi-
ciently emit light, while interlayer excitons (grey) show a much lower
oscillator strength. However, driven by scattering with phonons (blue
wave) their occupation can exceed the one of bright exciton by order
of magnitude making them visible in low-temperature PL spectra.

After optical excitation of an intralayer exciton in the TMD
layer, efficient charge transfer enables the hole to tunnel from
the TMD to the organic layer, while still being attracted to the
TMD electron (cf. Fig. 1). The spatially separated electron-
hole pair is an interlayer exciton (also known as charge trans-
fer or hybrid exciton). Due to their spatial separation, ILXs in
van der Waals heterostructures have a small oscillator strength
and are thus in general darker than intralayer excitons (il-
lustrated with the grey ILX in Fig. 1). While there is in-
creasing number of studies on ILX signatures in PL spectra
in TMD bilayers6’28, little is known about the intra- and in-
terlayer exciton landscape and their optical spectra character-
izing TMD/molecule heterostructures. In this work, we un-
dertake a joint theory-experiment study to uncover the tem-
perature dependent excitonic signatures of a tungsten disul-
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fide (WS2)/Tc heterostructure as an exemplary system for the
broad class of TMD/molecule heterostructures.

To obtain microscopic insights, we apply a quantum-
mechanical approach based on the density matrix
formalism?®2°. In particular, we solve the Wannier equation
allowing us to microscopically resolve the entire intra- and
interlayer exciton landscape in the investigated materials
including binding energies and wave functions. Solving
the generalized Elliott formula we also have microscopic
access to their optical signatures’'*?. Experimentally, we
perform temperature-dependent photoluminescence (PL)
measurements on WS,/Tc heterostructures and demonstrate
the appearance of ILXs at energies well below the optically
excited intralayer exciton. In excellent agreement with
theoretical predictions, we show how the ILX intensity
significantly increases at lower temperatures. We find that
these signatures are composed of two close-lying ILXs
originating from two distinct electronic valleys in the TMD
layer, reflecting the complex ILX landscape of TMDs.
Furthermore, we demonstrate both in experiment and theory
signatures of ILX phonon sidebands. The latter are identified
as a low-energy shoulder of the ILX resonance. Overall, our
work provides new microscopic insights into the intriguing
ILX landscape and the resulting optical response in techno-
logically promising organic/inorganic heterostructures.

Interlayer exciton landscape. @ We focus on heterostruc-
tures comprising of a WSy monolayer and a thin crystalline
film of Tc molecules. The latter attach to the surface of the
TMD via van der Waals bonds and form a molecular lat-
tice, as has been shown in previous studies’***. Tetracene
molecules tend to form periodic lattices rather than distribute
randomly on the surface®>3°. Motivated by these findings,
we describe the Tc layer as a quasi two-dimensional struc-
ture characterized by a HOMO-LUMO gap. We take into ac-
count one state in the conduction and valence band denoted
as 1 (lowest unoccupied molecular orbital) and h (highest oc-
cupied molecular orbital). This is justified since the band-
width of the 1 and h bands in the molecular layer is very small
compared to the TMD conduction and valence bands**42,
Hence, the number of observed ILXs will be primarily de-
termined by the TMD band structure cf. Fig. 2. The molec-
ular states, while slightly dispersive, have a quasi-flat disper-
sion, cf. Fig. 2 owing to the relatively weak hopping between
molecules*>**. Due to their relative band alignment45’46, Tc
and WS, form a type-II heterostructure!” in contrast to, for
example, Tc and molybdenum-based TMDs which form type-
I heterostructures®* and hence do not facilitate the formation
of optically-active interlayer excitons. As a result, WSy/Tc
represents an exemplary system, playing host to interlayer
excitons!” as well as a rich substructure of intralayer dark
states in the WSy31:47:48

To describe the TMD/Tc heterostructure on a microscopic
level, we use the density matrix formalism?®30-324930  For
the TMD, we take into account the band structure around the
high-symmetry points in the reciprocal space within an effec-
tive mass approximation’!. In particular, we consider the va-
lence band maxima at the K point and conduction band min-

2

ima at the K,A, and K’ valley, which are crucial in determin-
ing the exciton landscape'’. Depending on the location of the
electron and hole, we can distinguish different intralayer KK,
KA and KK’ excitons (yellow/orange ovals in Fig. 2) and
molecular excitons hl (black oval in Fig. 2). Furthermore, due
to the type-II band alignment!” there are lower lying spatially
separated interlayer excitons hK, hA, hK’, combining elec-
trons in the WS, layer and holes on the molecular layer (blue
ovals in Fig. 2) as well as a higher energy interlayer exciton
with the electron and hole located on opposite layers, Kl (oval
omitted for clarity). The energy values determining the band
alignment with respect to the vacuum level are obtained from
the literature*>*52. Here, the first/second letter describes the
position of the hole/electron, e.g. the state hK corresponds to
the hole located in the h state of the molecule, while the elec-
tron can be found in the K valley of the TMD layer, cf. Fig.
2(a). The quasi-flatness of the molecular dispersion means
that ILXs are spread over a larger area of momentum-space,
reflecting its real space localisation. Furthermore, since the
Brillouin zones of WS, and Tc layers are considerably dif-
ferent, we assume that all ILXs are bright as no momentum
transfer is required>?.

As excitonic effects are crucial in TMDs , We project
our equations into an excitonic basis with eigenenergies ¢,
and wave functions ¢!. Note that the index p can include
both intralayer p =(KK,KA,KK’,hl) and interlayer states p
=(hK,hA,hK’,Kl). The excitonic eigenfunctions and eigenen-
ergies are obtained by solving the Wannier equation?®3%49,
The Coulomb matrix element is calculated using an effec-
tive 2D Coulomb potential V}" = ﬁim
function e(k) depending on the screening of the two layers
¢TMD / €T¢, the screening of the surrounding material €™, the
thickness of the layers d™P /d™ and the interlayer distance
d™P-Te " Further details on the derivation of the dielectric
function can be found in Ref. 27. Table S1 in the supplemen-
tary information summarizes the parameters used in our study.
The assumed thickness of the molecular film corresponds to
a single layer of molecules in an upright configuration'”?2,
Note that in experimental setups, the molecular layer of ~ 20
nm consists of more than one layer, however, we assume that
the main interaction and charge transfer takes place within the
first layer. This is further justified since in ab-initio calcula-
tions, exciton wavefunctions in organic semiconductors exist
primarily within single layer planes*}. Solving the Wannier
equation, we obtain the binding energies of the entire exciton
landscape including bright and dark intra- and interlayer exci-
tons, as illustrated in Figure 2(b). While momentum-dark and
bright intralayer excitons are easily defined, the precise nature
of ILXs is harder to pin down. Changes in the growth condi-
tions and substrate quality alter the structure of the molecular
lattice and hence its dispersion, however, as already stated, the
significant lattice mismatch and the large momentum spread
of the molecular hole in the ILXs allows this bright/dark di-
chotomy to be neglected.

For WSs/Tc heterostructures on a Si/SiO5 substrate, we
find an exciton binding energy of 196 meV for the intralayer
exciton within the WS; layer. Furthermore, we find binding
energies of 243 meV and 272 meV for the two bright hK

49,54-56

with the dielectric
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Figure 2. Bandstructure of intra- and interlayer excitons. (a)
Electronic dispersion of a WS2 monolayer around the high symme-
try K and A (K’) points and the homo-lumo gap in Tc molecules. (b)
Excitonic dispersion of the WS2/Tc heterostructure including intra-
and interlayer states obtained from the solution of the Wannier equa-
tion.

and KI interlayer exciton states, respectively. Although
counter-intuitive at first glance, the larger binding energy in
the ILX state comes from the larger effective mass of the hole
in the molecular layer. The ILX has a larger binding energy
of 328 (272) meV reflecting the larger effective mass at the A
(K’) point. The binding energies are slightly lower then for
intralayer excitons in the WS, monolayer due to the larger
dielectric screening within a heterostructure. The energies
are in a similar range as values reported for TMD/TMD
heterostructures®”-?8.  While the large effective masses and
smaller dielectric screening in the molecular film lead to
heavier excitons and hence enlarged binding energies, the
relatively large thickness of the molecular layer compared
to the TMD monolayer reduces the exciton binding energy.
Note that the energies discussed so far are pure binding
energies Eﬁ. For the absolute spectral position £, of excitons
(shown in Fig. 2(b)), one needs to take into account the
band gap energy EY with £, = EJ — Eﬁ . We shifted
the whole exciton landscape to match the experimentally
measured A exciton resonance at 2.0 eV. Overall, we find that
the interlayer hK’ exciton is the energetically lowest state,
followed by Ena and Eyk, cf. Fig. 2(b) and Table S1. The
interlayer Kl exciton is located 1.1 eV above the bright KK
exciton and thus has no influence on PL spectra and will be
neglected in the following. Moreover, we do not consider the
intralayer molecule state hl (located at 2.56 eV), since our
focus lies on optical excitation resonant to the energetically
lower intralayer TMD exciton. For simplicity we consider
only one spin in this study. Owing to the spin degeneracy
of the Tc, for spin-bright excitons (same-spin), we find that
hK (1) = hK’(}4) and hK’ (11) = hK(}]) eliminating the
need to consider spins separately in our analysis. Spin-dark
excitons (opposite spins) are not optically active and can be
neglected.

Interlayer excitons in photoluminescence. After determin-
ing the exciton landscape in WSy/Tc heterostructures, we fo-
cus now on their optical response in PL spectra. The impor-
tant (fixed) input parameters (effective masses, band gap en-
ergies) are obtained from DFT calculations for the electronic
bandstructure*>>!, cf. Table S1 in the supplementary infor-
mation. We exploit the equation of motion for the photon-
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Figure 3. Optical signature of interlayer excitons. (a) Calculated
PL spectrum of a WSo/Tc heterostructure on a Si-SiO2 substrate il-
lustrating the drastically growing intensity of the hK’ interlayer ex-
citon resonance for reduced temperatures. For comparison, the cal-
culated PL for a WS> monolayer at 200 K is shown with the dashed
line exhibiting only the intralayer exciton resonance. (b) The inten-
sity ratio between the hK’ interlayer (iX) and KK intralayer excitons
(Xo), plotted on a log scale.

assisted polarization to obtain the PL intensity Ipy for intra-
and interlayer excitons resulting in the Elliott formula®'

‘M#‘Z’Y#N#(T)
(Eu —w)?+ ('Yu + FM(T))Q’

Ip (W, T) Z

p= KK hK

D

where the position of the resonances is given by the en-
ergy L, the resonance width by the radiative (v,) and the
non-radiative phonon-assisted (I',(T")) dephasing, and finally
the oscillator strength by the exciton-photon matrix element
M, = égo Zq goqu”ffu. The latter is determined by the
exciton wave function ¢!, the momentum-dependent optical
matrix element*® M ; and the transformation matrix U, 1, which
includes the tunneling. The Kronecker-delta ensures that only
bright excitons within the light cone with () = 0 are optically
active’!. The appearing exciton occupation N, (T') is crucial
in determining the spectral weight of different transitions in
the PL spectrum. In this study, we assume thermalized Boltz-
mann distributions N,,(T") < exp (—E,,/kgT) , since we dis-
cuss the stationary PL only3"32. More details on the origin of
Eq. 1 can be found in the supplementary information.
Evaluating Eq. (1) numerically, we investigate optical
signatures of intra- and interlayer excitons in the WSy/Tc
heterostructure. The PL spectrum at large temperature (>200
K) exhibits a pronounced resonance at 2 eV stemming from
the bright intralayer KK exciton, cf. Fig. 3(a). As the
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temperature decreases we observe the emergence of a second
peak around 1.71 eV that corresponds to the expected position
of the ILX. Further lowering the temperature increases the
ratio between the inter- and intralayer exciton peaks (cf.
Fig 3 (b)) until at low temperatures (<150 K) the intralayer
contributions becomes negligible and the PL spectrum is
entirely dominated by ILXs. The lower the temperature, the
higher the occupation of the energetically lower-lying ILX
states which leads to a more intense ILX resonance in the
PL spectra. Therefore, the temperature acts as an externally
accessible knob allowing the relative visibility of ILXs to be
tuned. Figure 3 (b) shows the temperature-dependent inten-
sity ratio of inter- and intralayer excitons on a logarithmic
scale, which resembles the Boltzmann distribution. The ILX
in TMD/Tc heterostructures is visible at higher temperatures
than in TMD bilayers. The main reason is that the interlayer
hK’ exciton is about 20 meV lower in energy than the corre-
sponding ILX states in TMD bilayers’-'4-1%28_ This leads to a
higher occupation IV, in equilibrium and thus to the stronger
ILX contribution, cf. Eq. (1). Note that we have neglected
temperature-induced spectral shifts, linewidth changes and
possible modifications in the molecular layer, since they are
not expected to have an impact on the qualitative temperature
trend of PL intensity ratios.

Signatures of ILX phonon-sidebands. So far, we have
focused on direct ILX emission, however we know from
TMD monolayers that intralayer excitons show pronounced
signatures via phonon-assisted indirect emission resulting in
phonon sidebands*'*7-8, In TMD homo- and heterobilayers,
indirect, phonon-assisted signatures of dark interlayer exci-
tons have been observed”!%33%, To account for these indirect
emission channels also for ILX states, we exploit a general-
ized Elliott formula®!

0" (w, T)| DG |*Tu(T)Nu (T ) (T)
(B £ 98 —w)? + (Tu(T))?

Ipp (w, T) Z
Quat

2)
with O (w,T) = (Erwylf:g;l:ru@))z. We take into ac-
count all ILX states v = (KK, KA, KK, hK, hA,hK*). The
position of resonances is determined by the energy of the
corresponding exciton E, plus/minus the energy of the ab-
sorbed/emitted phonon £+ in the mode o. We account
for longitudinal and transversal optical and acoustic phonon

modes. The temperature dependent phonon occupation nh

enters in 72 (T) = (% F3+ n&h(T)> corresponding to a

Bose distribution (bath approximation®®). In contrast to di-
rect emission, phonon-sidebands cannot decay radiatively®!,
hence their spectral width is only determined by non-radiative
dephasing T',*13261 The oscillator strength of phonon-
assisted indirect emission scales with the exciton-phonon scat-
tering element | D! > = - kgl ¢4 o Where g¢)" is the
electron-phonon coupling element3!32.

Evaluating Egs. (1) and (2), we calculate the temperature-
dependent PL including direct and indirect phonon-assisted
emission from excitons in the investigated WSo/Tc het-
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Figure 4. Fine structure of interlayer excitons. (a) Calculated
temperature-dependent PL of WS2/Tc heterostructure exhibiting sig-
natures from intra- and interlayer excitons. Note that the origin of
the energy axis has been shifted to the position of the bright KK
exciton (Ex,). (b) Constant temperature cut outlining the contribu-
tions of the phonon-assisted indirect PL from interlayer exciton hK’
and hA. The zero phonon peak contribution is shown in shaded-blue
(green), while the phonon-sideband contributions are pink (red) for
the hK’ (hA) excitons. (c) For comparison, we also show the low-
temperature PL for MoSe» exhibiting less significant phonon side-
bands.

erostructure, cf. Fig. 4(a). We find that at room temperature
the PL is dominated by the direct KK exciton X, while the
interlayer excitons (hK’/hA) located approximately 300 meV
below Xy becomes dominant in the temperature range below
200 K. At very low temperatures new resonances at lower en-
ergies appear and can be assigned to phonon-assisted emission
from interlayer hA and hK’ excitons, respectively. To better
understand these phonon sidebands, we zoom into the low-
energy ILX contribution at 77 K, cf. Fig. 4(b). We find that
the energetically lowest hK’ interlayer exciton (blue-shaded)
has the largest PL contribution. It consists of a direct zero-
phonon peak at -295 and two smaller peaks (pink-shaded) at
-310 and -345 meV stemming from indirect light emission
driven by acoustic and optical phonons, respectively. Note
that these peaks appear at the location Fyx: + Q0, i.e. they
are shifted by the phonon energy. We find that the hA inter-
layer exciton has a smaller direct contribution (green-shaded)
reflecting its lower occupation compared to hK’ states as well
as a smaller phonon-sideband contribution (red-shaded). By
increasing the temperature, the ILX occupation decreases, re-
ducing their weight in PL spectra. The total PL spectra (blue
line) is therefore asymmetric with a clear optical sideband
indicated by an arrow. Furthermore, the sidebands from the
acoustic spectrum leads to a slight shift in the maximum PL
intensity, about 10 meV below the PL resonance. Finally,
there is also a slight asymmetry at higher energies due to
smaller hA interlayer exciton contribution.
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For comparison, in MoSe, the hK exciton is the energet-
ically lowest state® 32, As a result, the low-temperature
PL spectrum is qualitatively different exhibiting only one
peak at -346 meV stemming from the hK interlayer exciton,
cf. Fig. 4(c). There are no signatures from the hK’ and hA
interlayer exciton due to their lower occupation, however
a small phonon-sideband originating from the hK exciton
is visible in the spectra (marked by an arrow). In the SI,
we present results for a pentacene/MoS, heterostructure,
where the larger separation between the inter- and intralayer
excitons leads to a more dominant interlayer state in the PL
spectrum. In this case, we also find the emergence of phonon
sidebands at lower temperatures. Our predictions about
interlayer excitons and the role of phonons are applicable to
a larger class of TMD/organic heterostructures. In particular,
these materials should facilitate interlayer exciton formation,
through type-II band alignment and efficient charge transfer.
This will ensure a significant interlayer exciton population
and hence a strong optical signal compared to the much
brighter intralayer excitons. The phonon sidebands will
emerge given sufficiently strong exciton-phonon interactions.
Heterostructures composed of MX2 (M= Mo, W X=S, Se)
TMDs will certainly satisfy the latter requirement and should
form interlayer excitons with polyacenes, such as pentacene,
tetracene as well as their derivatives, through functionalisa-
tion of the aromatic rings. While the list of possible structures
is vast, some notable examples where we expect interlayer
excitons and sidebands to emerge are TMD/rubrene®’ |,
TMD/TTF® and TMD/PTCDA®% heterostructures all of
which demonstrate efficient charge separation and type-II
band alignment.

Theory-experiment comparison. To experimentally verify
the theoretically predicted low temperature PL interlayer ex-
citon signatures, we fabricated a high-quality WSo/Tc het-
erostructure and collected its PL spectra over a broad tem-
perature range (100-245 K). To prepare the heterostructure,
a monolayer of WSy was exfoliated onto a silicon dioxide
wafer (oxide thickness of 90 nm) from bulk WSy;. A 20
nm layer of Tc was then thermally evaporated onto the mono-
layer. Further information on sample preparation is included
in the SI. We selectively excited WS, with 2.14 eV light to
prevent the signal from interlayer excitons to become masked
by Tc emission. Fig. 5(a) shows the measured temperature
dependent PL of the heterostructure. At 245 K, the interlayer
hK’ exciton emits at 1.71 eV and its intensity significantly
grows with decreasing temperature. This reflects the increas-
ing occupation of the hK’ excitonic state, which is in excel-
lent agreement with our calculations, cf. Fig. 5(b). In the
inset, we compare the experimental (red crosses) and theoret-
ical (pink curve) evolution of the ILX intensity as a function
of temperature. We normalize the ILX intensity to the value
at 100 K. We find a good agreement between our theoretical
model and experimental data, with a significant PL from the
hK’ exciton in the temperature range of 100-200 K. By per-
forming a double-Gaussian fit, and taking the area under the
curves, we are able to attribute the temperature evolution of
the ILX peak to a change in exction occupation N,,, rather
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Figure 5. Experiment-theory comparison. (a) Temperature-

dependent PL spectra (a) measured in experiment and (b) predicted
from microscopic theory for WS2/Tc on an SiO2/Si substrate. Note
that the theoretical spectra are shifted to align with the experimental
hK’ exciton peak. Raw data can be fitted to using two Gaussian peaks
(dotted and dashed line), which we attribute to the direct PL and
phonon-sidebands, respectively. Error bars for the energetic position
of these Gaussian peaks are shown in green. Inset shows a quantita-
tive comparison of the evolution of the intensity of the hK’ resonance
as a function of temperature, (normalised to the peak maximum). In
(a) and in the inset, we removed contributions from the background
PL in experiment to allow for a more accurate comparison.

than a broadening effect (see SI). Note that while we have the
means to microscopically estimate the radiative and phonon-
induced broadening of exciton peaks, broadening mechanisms
in TMD-molecule heterostructures are currently not well un-
derstood, and our model underestimates the observed exper-
imental broadening. Therefore, to better compare to exper-
iment we extract values for the broadening from the experi-
mental data and use a phenomenological model’ to describe
the temperature dependence in Fig. 5(b).

At around 100 K, we observe the increase in the intensity of
a shoulder peak around 1.67 eV as indicated by the Gaussian
fit (Fig. 5 (a)). This signature also appears in the theoreti-
cally calculated PL spectrum, cf. Fig 5(b) at 1.66 eV, and can
be ascribed to a phonon sideband stemming from the indirect,
phonon-assisted recombination of the hK’ interlayer exciton
states. In the theory, the sideband is red-shifted with respect
to the position of the hK’ resonance at 1.70 eV, reflecting the
emission of an optical phonon?2. At low temperatures, the sig-
nature of the phonon sideband increases relative to the zero-
phonon peak due to the lower phonon-induced broadening.
At temperatures above 200 K, this phonon sideband vanishes
and is hardly visible in both the theory and experiment due to
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the lower occupation of the hK’ exciton and increased broad-
ening. This experimental feature is consistent for different
trials (see SI). The spectral profiles including peak positions
and temperature dependence are all typical hallmarks of inter-
layer phonon-sidebands®. Furthermore, we have performed
lifetime measurements at 102 K and 245 K, cf. the SI. Upon
cooling to 102 K, the heterostructure’s lifetime is consider-
ably enhanced. The large increase in lifetime provides further
evidence that at low temperature we indeed access ILX states.

In the SI, we show the temperature- as well as the pump
fluence-dependence of the PL for an additional WSa/Tc sam-
ple. We find excellent agreement for the temperature depen-
dence between the two samples, with the PL interlayer ex-
citon resonance clearly visible, decaying as the temperature
increases with a pronounced sideband. This additional sam-
ple, in conjunction with previous studies!” demonstrates the
reproducibility of the interlayer exciton state in WSa/Tc het-
erostructures.

The fluence-dependence further demonstrates the exci-
tonic origin of the observed emission peak, as the linear-
dependence of the exciton PL intensity with increasing pump-
power is characteristic of excitons rather than trion states
which saturate more rapidly. While PL saturation is predicted
for TMD-TMD interlayer excitons'4, we predict that this oc-
curs at much larger excitation strengths than probed in this
work (c.f. supplementary information for a more detailed
discussion). The absence of this state in respective mono-
layers, the energetic position far below the intralayer exci-
ton, the temperature dependence, the fluence behaviour and
longer lifetime all indicate that this state is indeed an inter-
layer state, which has been reproduced across multiple sam-
ples, both here, in the SI and in previous studies'”.

While we obtain an excellent qualitative agreement be-
tween theory and experiment, some quantitative discrepan-
cies do exist. In particular, there is an increasing PL signal
at higher energies above the hK’ resonance in the experiment,
while in theory the PL is strongly suppressed in this spectral
region. This could be traced back to a particularly broad in-
tralayer exciton resonance in the experiment that is expected
to occur at about 2 eV (see supplementary information).

Interestingly, the peak position of the hK’ interlayer exciton
does not spectrally shift in the experiment. This suggests that

6

the temperature-dependent Varshni energy shifts, arising from
the thermal expansion of the crystal lattice®, are negligible for
interlayer excitons, justifying the omission of such effects in
our theory. The suppressed Varshni shift could be explained
by the involvement of the molecular lattice, which is expected
to be less susceptible to thermal expansion when placed on a
substrate such as WS,. The latter is a fairly flat surface and
hence the thermal expansion of the Tc will be frustrated due to
fixation between the molecular layer and the WS5®’. Finally,
the position of the observed phonon-sideband is slightly lower
in energy than theoretically predicted (cf. arrows in Fig. 5).
While we have fairly accurate estimates of the phonon dis-
persion for a pure TMD, phonon energies in a WSo/Tc het-
erostructure might differ. A first principle calculation of the
phonon dispersion for the TMD/Tc heterostructure is beyond
the scope of this work.

In conclusion, we have presented a joint theory-experiment
study on the optical response of interlayer excitons in
a TMD/Tc heterostructure. ~ We microscopically reveal
the entire landscape of interlayer excitons living in both
molecule and TMD layer and show their signatures in
temperature-dependent PL. spectra. In particular, we find
both in experiment and theory a clear signature of interlayer
excitons in PL spectra and show how their intensity can be
boosted by variation in temperature. Furthermore, we show
the appearance of an additional low-energy PL signature
at temperatures around 100 K stemming from indirect
phonon-assisted emission from interlayer exciton states. Our
work provides new insights into the microscopic nature of
interlayer excitons in TMD/molecule heterostructures and
could guide future studies in the growing research field of
technologically promising organic/inorganic heterostructures.
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