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Abstract

Due to their unique 2D nature, charge carriers in semiconducting transition metal dichalcogenides
(TMDs) exhibit strong unscreened Coulomb interactions and sensitivity to defects and impurities.
The versatility of van der Waals layer stacking allows spatially separating electrons and holes
between different TMD layers with staggered band structure, yielding interlayer few-body excitonic
complexes whose nature is still debated. Here we combine quantum Monte Carlo calculations with
spectrally and temporally resolved photoluminescence (PL) measurements on a top- and bottom-
gated MoSe,/WSe, heterostructure, and identify the emitters as impurity-bound interlayer excitonic
complexes. Using independent electrostatic control of doping and out-of-plane electric field, we
demonstrate control of the relative populations of neutral and charged complexes, their emission
energies on a scale larger than their linewidth, and an increase of their lifetime into the microsecond
regime. This work unveils new physics of confined carriers and is key to the development of novel

optoelectronics applications.

Transition metal dichalcogenides (TMDs) form a
new class of semiconducting two-dimensional (2D)
materials that display strongly bound electron-hole
complexes [1—4]—such as excitons and trions—and
original valley physics [5-8] up to room temperature.
Furthermore, their unique layered structure allows
them to be stacked in van der Waals heterostructures
with atomically sharp and clean interfaces [9-11].
The combination of those novel properties with the
versatility of layer engineering opens up new avenues
for room-temperature excitonic complex formation
and manipulation [12-14]. In particular, the model
case of TMD heterobilayers with type-II (staggered)
band alignment exhibits, upon light excitation,
ultrafast charge transfer between layers [15-17] and
luminescence at energies lower than the one generated

by intralayer complexes [18—22]. This is interpreted as
the formation of interlayer excitons where electrons
and holes reside in different layers due to the staggered
band alignment [22-26]. Promising properties of
those emitters have been demonstrated, such as long
lifetime [20, 27-29] and long spin-valley population
time [29, 30], establishing them as good candidates
to achieve coherent manipulation [31-34]. Yet, clear
identification of the nature of these emitters and in situ
control over them are crucial challenges that still need
to be overcome.

In the case of individual monolayer TMDs, electro-
static tuning of the carrier density using a single gate
has been key to unveiling the competition between
delocalized excitonic complexes (neutral and charged
excitons), as well as the presence of impurity-bound

©2019 IOP Publishing Ltd


publisher-id
doi
https://orcid.org/0000-0002-9661-3527
https://orcid.org/0000-0003-0128-9523
https://orcid.org/0000-0001-9764-6120
mailto:frank.koppens@icfo.eu
https://doi.org/10.1088/2053-1583/ab168d
http://crossmark.crossref.org/dialog/?doi=10.1088/2053-1583/ab168d&domain=pdf&date_stamp=2019-05-22
https://doi.org/10.1088/2053-1583/ab168d

I0P Publishing

2D Mater. 6 (2019) 035032

local states [5, 35, 36]. However, in heterobilayer junc-
tions this standard approach is insufficient to achieve
unambiguous identification and control over the
complexes [20, 37, 38]. This can be understood con-
sidering the spatial separation between electrons and
holes residing in different layers. With carriers fur-
ther apart, interlayer complexes present much longer
recombination lifetimes, as compared to their intra-
layer counterparts [27, 28], hence interlayer delocal-
ized carriers and/or complexes are more likely to dif-
fuse, interact and bind with charged impurities, thus
forming localized complexes. Furthermore, stable
interlayer complexes should present a permanent out-
of-plane dipole, introducing a strong dependence on
the local electric field. Therefore, thorough charac-
terization and control over the complete local electro-
static environment, charge and field distributions, are
required to reliably investigate excitonic complexes in
this type of system.

Here, we make use of a dual-gated heterostruc-
ture design that allows independent control over the
charge carrier density and out-of-plane electric field in
a'TMD heterobilayer junction. Tuning the carrier den-
sity modifies the luminescence intensity and lineshape,
corresponding to a change in the relative populations
of the stable complexes in the junction. Remarkably,
we observe that the charged complexes present ener-
gies larger than the neutral ones, in contrast to the
monolayer case. With the support of ab initio calcul-
ations [39], we unveil the localized, impurity-bound
nature of the interlayer complexes yielding the strong-
est luminescence lines. This observation emphasizes
the crucial role of defects in such confined system. Fur-
thermore, varying the electric field, we demonstrate
control over a large range of the properties of these
complexes such as their emission energy (due to the
linear Stark effect) and their lifetime, enabling in situ
manipulation of the complexes.

We fabricated a van der Waals heterostructure
based on stacked MoSe,/WSe, monolayers encapsu-
lated in multilayer hexagonal boron nitride (hBN),
using a high-temperature flake transfer technique [40]
(see figure 1(a) for a schematics and figure 1(b) for an
optical micrograph). The two TMD monolayers are
aligned following their straight edges and contacted
with evaporated Ti/Au leads before complete hBN
encapsulation. The substrate, made of highly doped Si
below a 285 nm-thick SiO, layer, acts as a global bot-
tom gate at potential V}, while a thin 10 nm gold film
deposited on top of the hBN is used as a transparent
local top gate at potential V;. The static electric field
in the device is therefore entirely defined by the volt-
ages applied to both gates. We quantitatively evalu-
ate the out-of-plane field F(V;, V},) at the individual
monolayers and their junction, from analytical and
finite-element models (see SI S1 (stacks.iop.org/
TDM/6/035032/mmedia)). Effects of the potentials on
the electrostatically induced change in carrier density
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n(V,, V) of the flakes can also be extracted (see SI S1),
allowing us to experimentally disentangle the response
of the system to both the electric field and carrier den-
sity.

We performed spatially resolved photolumines-
cence (PL) spectroscopy at low temperature (30K)
to probe the formation of excitonic complexes in the
two TMDs and their junction (figure 1(c)). First, we
characterized each of the isolated monolayer flakes
individually,away from the junction (purple and green
solid lines in figure 1(c)), by monitoring the changes in
their respective PL spectra induced by varying the car-
rier density (see SI S2). We observe the typical behav-
iour of delocalized complexes in TMD monolayers
[35], and identify the intralayer exciton (at 1.64eV
for MoSe, and 1.69 eV for WSe,) and trion (at 1.61 eV
and 1.66 eV, respectively) lines, as well as a low energy
tail related to complexes bound to localized impuri-
ties [35, 36] (around 1.55eV and 1.6V, respectively;
see the logarithmic scale plot in the bottom panel of
figure 1(c), and the schematics of the corresponding
complexes in figure 1(d)). We determine the carrier
density yielding the strongest emission from the neu-
tral exciton and impurity-bound peaks for each flake
(figure 1(e)).It corresponds to the configuration where
the electrostatically injected carriers compensate the
intrinsic doping [35]. We thereby evaluate the intrinsic
impurity density of each flake (#1p08e, and nwse,, with
the convention #xge, > 0 for donor type impurities).
We find in our device that MoSe, and WSe, mono-
layers are respectively n- and slightly p-doped (#1pmose, ~
5.10'2 cm 2 and nwse, ~ —2.10'! cm™2). We note that
these carrier densities, for which neutrality is obtained,
are virtually independent of the applied out-of-plane
field F (see SI S2). This is expected from the planar
nature of the intralayer quasiparticles and further
validates our disentangled study of nand F.

We now focus our attention on the interlayer com-
plexes by studying the PL emitted at the MoSe,/WSe,
junction, spatially resolved in figure 1(b) and spec-
trally resolved in figure 1(c) (blue line). We observe a
quenching of both of the intralayer lines and the emer-
gence of a spatially uniform low energy peak (between
1.25 and 1.4eV), as previously reported in the litera-
ture [20, 22, 26]. We can correctly reproduce the peak
lineshape, over the full range of applied potentials (V;,
Wb), by introducing an empirical 3-Gaussian-line fit
(dashed lines in figure 1(c)). In analogy with the pre-
vious identification of intralayer complexes in mono-
layers, the multi-component spectrum reflects the fact
that several stable interlayer complexes are formed at
the junction upon light excitation. Due to the type-II
band alignment between MoSe, and WSe, [24, 26],
these complexes comprise one or several electrons in
the MoSe; K-point conduction-band edge and one or
several holes in the WSe, K-point valence-band edge.
During their long lifetime reported e.g. in [20, 27-29],
photogenerated carriers can diffuse and interact with
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Figure 1. Impurity-bound interlayer complexes. (a) Schematics of the double-gated hBN/MoSe,/WSe,/hBN van der Waals
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heterostructure. The backgate consists of doped Si at potential Vi, and the topgate is made of a thin Au layer at potential V;. (b) Real
colour optical image of the corresponding fabricated device, where monolayers of MoSe, and WSe, and thin top gate are highlighted
with purple, green and black dashed lines, respectively. A map of the PL intensity spectrally integrated between 1.25and 1.4 eV is
superimposed in shades of red. Scale bar is 5 um. (c) PL spectra (solid lines) on linear (top) and logarithm (bottom) scales, measured
on the MoSe, monolayer (purple), WSe, monolayer (green) and MoSe,/WSe; heterobilayer (blue). Dashed lines present the three
Gaussian components obtained by fitting the interlayer peak. Light excitation is at energy 2.1 eV, repetition rate 40 MHz and power 3
1 W. Temperature is T = 30 K. (d) Real space schematics of the three intralayer (right) and two interlayer (left) complexes generated
in the system. Electrons, holes and impurities are presented as blue, red and white disks, respectively. Dashed lines illustrate
Coulomb binding. Purple arrows indicate the spectral ranges corresponding to the intralayer complexes in the MoSe, luminescence
spectrumin (c). (e) Normalized luminescence intensity of MoSe; (purple) and WSe; (green) unbound (full squares) and impurity
bound (open circles) intralayer exciton peaks as functions of the electrostatically tuned carrier density n, at zero field F. The carrier
densities at the maxima indicate the intrinsic doping of each monolayer (dashed vertical lines). (f) Bandstructure schematics of the
two main interlayer complexes generated in the MoSe,/WSe; heterobilayer according to ab initio calculations. The representation of
the carriers is similar to the one in (d). Spatial extension of the wavefunctions are represented in light blue within the gap. Relative

through interlayer bandgap Eg using field F.

population of the complexes is tuned through the Fermi energy Ey using carrier density n, while energy of the complexes is tuned

charged impurities, and relax into their most stable
excitonic configuration before radiative recombina-
tion. Our approach is therefore to theoretically con-
sider several different configurations for interlayer
complexes, both delocalized and (localized) impurity-
bound, and identify the most stable ones.

We developed an ab initio approach, where the
wavefunctions of different complexes are obtained
using diffusion (DMC) and variational (VMC)
quantum Monte Carlo calculations. As the precise
nature of the donor impurities is unclear, we consider
only the long-range part of the electrostatic interac-
tion and take into account interlayer Coulomb interac-
tions, polarization effects and screening from the hBN
encapsulation, by considering a bilayer generalisation
of the Keldysh potential [39, 41]. Following the exper-
imental characterization of theintrinsicdopingof both
flakes (Mpose, > 0 and |fwse, | < |AMose, |, figure 1(e)),
we introduced impurities in the model assuming that
only positively charged donors (noted D) are present

in the sample, and only in the MoSe; layer. We evalu-
ated the binding energies and radiative decay rates for
the simplest few-carrier excitonic complexes, both
delocalized and donor-bound, by numerically solving
the corresponding few-body problem in the limit of
small relative angle between MoSe, and WSe; lattices,
which is experimentally provided by the alignment of
the flake edges (see SI S3).

From this theoretical approach, we identified
the two most stable complexes in the system, noted
D°h and DX, shown in figure 1(d) in real space
and in figure 1(f) in band structure schematics. We
emphasize here the role of the intrinsic impurities in
the system since both of these complexes comprise
donor-bound electrons in the MoSe, layer (bound
DT + ¢, noted D°). In the first case (D°h), these neu-
tralized donors D° can recombine with free holes h
in the WSe, layer, yielding photon emission at energy
Epop, = Eg — Sgoh =1.337eV  (central panel of
figure 2(a)), where E, = 1.500eV is the interlayer
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Figure2. Carrier density dependence. (a) Diagrams of the three main radiative recombination processes in MoS,/WSe, described
in the text. Representation of carriers is similar to the one in figures 1(d) and (f). In the background, the WSe; (green) and MoSe,
(purple) layers illustrate where the carriers reside spatially. (b) Calculated PL spectra for a range of carrier densities at zero field. A
constant empirical 20 meV broadening has been applied to the Gaussian curves. Colours of the three Gaussian components (dashed
lines) forming the spectra (solid line) are chosen accordingly with the photons represented in (a). (c) Experimental PL spectra for
the same carrier densities as in (b), with fixed zero field. The same colour scheme as in (b) is applied. Experimental conditions are
similar to the ones described in figure 1(c). (d) Experimental (dots) and calculated (line) relative peak intensities, as functions of
carrier density. The same colour scheme as in a is applied. Insets: Schematics illustrating the recombination mechanisms of unbound
holes with electrons bound to impurities, whose nature varies with carrier density, with a rate that is governed by a cross section &
that includes both radiative and non-radiative processes. The representation of carriers and layers is the same as in (a).

bandgap between MoSe; conductionand WSe; valence
bands (assumed here to fit the data, in good agreement
with reported values [20, 24,26]) and ‘C%Oh =163 meV
is the calculated binding energy of the complex. We
note that the energy to dissociate h from D° is small
(Sggh = wa + 0.2 meV where Ego is the calculated
binding energy of the neutral donor only), leaving the
holesfreeevenattheconsidered cryogenictemperature.

In the latter case, we refer to the complexes D°X as
donor-bound trions to emphasize the additional elec-
tron compared to DYA. However, our notation reflects
their main dissociation channel, which is into a neu-
tral donor D° and a delocalized interlayer exciton X.
The complex D°X can radiatively recombine leaving
behind a neutral donor D, and therefore emitting a
photon at energy Epoy = Eg + Ego — Egox = 1.385eV
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(right panel of figure 2(a)), where Egox =278 meV
is the calculated D°X total binding energy. Note that,
although the absolute energy of the D°X complex
is lower than that of the neutral donor, the D°X line
appears at higher energy (by approximately 48 meV)
compared to the D°h line. This is caused by the spe-
cific decay process into a strongly bound D° state,
whose binding energy promotes a larger emitted
photon energy. Additionally, we calculated the radia-
tive recombination of each complex mediated by LO
phonon emission, noted as D°h + ph (left panel of fig-
ure 2(a)) and D°X + ph. This process yields an addi-
tional luminescence line 33 meV below each corre-
sponding main line. We estimated a D°h + ph line of
comparable intensity to the main luminescence peaks,
and a much weaker D°X + ph signal which overlaps
with the main D% line and can be ignored (see SI S4).

To assign the processes to the respective observed
PLlines, we experimentally varied both Vyand V4, such
that we measure the emission spectrum for a range of
carrier densities, while keeping the out-of-plane field
constant (see figure 2(c)). We observe that the carrier
density mostly affects the relative amplitude between
the lines, with minor redshift at large doping that can
be attributed to screening of Coulomb interactions by
free carriers. Strikingly, we find that the higher energy
peak increases in intensity for higher n-type doping.
Considering only delocalized complexes does not
allow to reproduce the observed doping dependence:
In the same way as in the case of delocalized intra-
layer complexes, calculations show that delocalized
interlayer charged trions present a lower energy than
delocalized neutral excitons (see SI S5). In contrast,
the modelled localized charged complex DX appears
at higher energy than neutral D°h, consistent with our
experimental observations.

We corroborate this peak assignment by com-
paring our data to the calculated dependence of
the emission intensities on the carrier density, as
shown in figures 2(b) and (c). We model the relative
populations of complexes assuming low thermally
and photogenerated electron and hole densities
(experimentally <5 x 10'! cm™2), compared to the
electrostatically injected carrier densities (exper-
imentally >10'> c¢m™?). Considering our exper-
imental non-resonant excitation scheme, we estimate
that unbound WSe, holes and MoSe, electrons are
photogenerated in the system, which are able to dif-
fuse in their respective layer and, for the latter, can
bind to impurities prior to any recombination. Thus,
when electrons are electrostatically removed from
the system (—mpose, < 1 < 0), all photogenerated
electrons get bound to the available donor impuri-
ties to form neutral donors D°. This leads to the pre-
ponderance of D°h complexes in the system, and
hence stronger emission from the two low-energy
lines attributed to their phonon-mediated and direct
recombination, D°h + ph and Dh. In contrast, when
all donors are neutralized by electrostatic electrons

F Viallaetal

(0 < 1 < nMose,)> photogenerated electrons and holes
will bind to the already formed D°, and start forming
DX complexes at the expense of the D°h. To produce
a quantitative analysis of the emission intensities, we
model non-radiative recombination as both impurity-
driven and Auger processes by introducing the non-
radiative cross section onr for holes to recombine
with electrons bound at donor sites (see insets of fig-
ure 2(d) and SI $6). By combining in steady-state con-
ditions the corresponding non-radiative rates with the
radiative recombination rates calculated from the MC
approach, we obtain theoretical curves for the dop-
ing dependence of the relative peak intensities (lines
in figure 2(d)) that follow well our experimental data
(dots). Deviations from the model can be attributed to
the finite temperature and photodoping. In regards to
photodoping, we find that increasing excitation power
promotes the D°X line against the one attributed to
DPh (see SI S7). We relate this observation to the high
injection of free electrons in MoSe, with light, consist-
ent with our model.

Next, we fix the carrier density and observe the
luminescence of the different peaks while varying the
out-of-plane electric field F. The independent tuning
of F leads to a clear change of the emission energies
(figure 3(a)). We observe only minor variations in the
lineshape over the experimental F-range, indicating
that the population ratio between complexes is not sig-
nificantly modified by F. In strong contrast, we demon-
strate a large linear tuning of the emission energy, over
arange of 100 meV, which is larger than the linewidth.
We note that all three peaks attributed to the different
complex recombinations show the same linear behav-
iour over the entire carrier density range investigated
(see figure 3(b) and SI S9). We interpret this effect as a
linear Stark shift resulting from the permanent dipole
u=-ed= 0.65 e - nm of the interlayer complexes,
where e is the elementary charge and d the interlayer
distance. This can be taken into account in our model
by considering a field-dependent interlayer bandgap
E, (F) = Eg (0) + uF. We experimentally extract a
value y = 0.9 % 0.1 e-nm where the small discrep-
ancy could be explained by the difficulty of estimat-
ing the TMDs effective dielectric constant. This result
confirms the spatial structure of the interlayer com-
plexes, where electrons and holes reside in different lay-
ers. The observed tuning range is orders of magnitude
larger than the ones reported for TMD intralayer exci-
ton lines [42—44], and similar, yet slightly larger, to the
one recently observed for interlayer excitons in homo-
bilayer structures [45]. We finally note that a similar
design with only thin hBN layers as top and bottom
dielectric spacers would yield a shift as high as 500 meV
before reaching the breakdown of hBN [46]. This large
electrostatic tuning shows great promises for optical
modulators based on interlayer complexes.

We further characterized the interlayer emitters
by measuring their integrated luminescence decay
over time. We observe, as expected [20, 27-29], a slow
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Figure 3. Out-of-plane field dependence. (a) Experimental PL spectra for a range of out-of-plane fields, with fixed carrier density.
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schematics of electric field F and permanent dipole /I in the system. The representation of carriers and layers is the same as in
figures 1 and 2.

decay on timescales larger than tens of nanoseconds,
and originally unveil the strong influence on the effec-
tive decay time of both carrier density (figure 4(a))
and out-of-plane electric field (figure 4(b)). While the
decay at long timescales shows an exponential behav-
iour, and can be related to a lifetime 7, we find a sig-
nificantly faster decay at short timescales that is more
pronounced for larger photon fluxes (see SI S10). In
analogy with studies on mono- and multilayer TMDs
[47,48], we attribute this behaviour to fast many-body
processes that remove electron—hole pairs before com-
plex formation, and effectively introduce a non-linear

term in the decay expression (see SI S9). By fitting an
analytical solution for the decay over time (lines in fig-
ures 4(a) and (b)) to the experimental data, we extract
values of 7 that are consistent for all the light fluencies
investigated (points in figure 4(c)).

We demonstrate that tuning both n and F can
strongly modify 7 over orders of magnitude, up to val-
ues larger than 0.5 us which corresponds to our exper-
imental resolution. The strong F dependence can stem
from a polarization of the carrier orbitals in the differ-
ent layers, pulled closer at positive fields and further
apart at negative fields, yielding shorter and longer
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Figure4. Time-resolved measurements. (a) Luminescence decay over time at the MoSe,/WSe, junction for a range of carrier
densities, with fixed field. (b) Similar measurements for a range of fields, with fixed carrier density. In (a) and (b), continuous lines
are fits to the experimental data presented as dots using the model discussed in the text and SI. Light excitation is at energy 2.3 eV,
repetition rate 2.5 MHz and power 3 ;¢W. (c) Fitted lifetime as a function of carrier density for a range of fields. Values are extracted
from three sets of data obtained with light excitation with different powers and repetition rates, corresponding to initial electron
and hole densities of 3 (triangles), 10 (boxes) or 30 (dots) x 10'2cm~2 Unresolved values above 0.5 uis (dashed region) are extracted
from the fit at negative carrier densities and negative fields. Dashed lines are fits to the data using the rate model discussed in the text
and illustrated in insets of figure 2(d). (d) (Top panel) Cross sections and corresponding decay rates (inverse of 7) at a fixed carrier
density, as a function of electric field. (Bottom panel) Normalized experimental PL intensity and corresponding fitted emission QY
as function of field for the same fixed carrier density. The non-radiative cross sections (purple diamonds) are extracted from the
fitting of the rate model to the data in (c). The relative field dependence of the radiative cross sections is obtained from subsequent
fitting of the theoretical QY (pink diamonds and inset formula in bottom panel) to the PL data (blue dots). The extracted radiative

diamond).

cross sections (magenta diamonds in top panel) are normalized using the calculated value of the cross section at zero field (open

lifetimes respectively (see SI S10). We also find a sig-
nificant reduction of 7 at large n that can be explained
by the increase in non-radiative recombination events,
in good agreement with the previously discussed
decay rate model (dashed line in figure 4(c)). The
corresponding non-radiative hole cross section ongr
is extracted for different fields, and is reported in fig-
ure 4(d). Looking back at the steady-state, the emis-
sion intensity is governed by the quantum yield (QY),
defined as the ratio between radiative and total recom-
bination rates (orlikewise the corresponding hole cross
sections, see formula in the lower panel of figure 4(d)
and SI S10). Fixing the ong (F) values in the fitting of
thetheoretical QY to the experimental PL intensities,in
the low carrier density regime (—#pose, < 11 < 0), we
can extract the radiative cross section (sum of ooy, (F)
and o poy pi (F), relative to the D°hand D°h + ph emis-
sions respectively, see figure 4(d)). Here, we emphasize
that we obtain an understanding that is fully consistent
with both spectrally and temporally resolved measure-
ments. In particular, our study indicates that reaching
neutrality in MoSe; (1 ~ —#pmose,) With large negative
field yields interesting experimental conditions with a
lifetime in the microsecond regime and the largest QY.

Our results can be used as the groundwork for further
theoretical studies to achieve quantitative description
of the mechanisms governing the field dependence in
these original complexes.

In conclusion, we demonstrated, using electro-
static control of interlayer complexes in TMD, a large
tuning of many of their properties that opens oppor-
tunities for studies as diverse as strong-coupling with
cavities, trapping, lasing and condensation up to room
temperature [49-51]. We also revealed the dominant
role that intrinsic impurities play in the interlayer
luminescence spectrum. This shows that crystal purity
has to be considered carefully when developing novel
optoelectronics applications that would rely on the
large scale diffusion or electrostatic funnelling of delo-
calized interlayer complexes [34]. Finally, we note that
the impurity-bound nature of the emitting interlayer
complexes should lead to single photon emission at
low impurity density, with possible entanglement of
the polarisation of the emitted photon with the spin-
valley state of the electron left on the donor. In general,
our clear understanding and unprecedented electrical
control of the excitonic complexes generated in TMD
heterobilayers, together with recent advances in val-
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leytronics, introduces promising guidelines for future
innovation in quantum optoelectronics.

Methods

Sample preparation

Transition metal dichalcogenide monolayers are
obtained from mechanical exfoliation of bulk
materials (HQ Graphene) using polydimethylsiloxane
(PDMS) sheets (Gel-Pak). Dry transfer transfer
of the isolated flakes is performed using a PDMS/
Polypropylene carbonate (SigmaAldrich) transparent
stamp deposited on a glass slide. Contact between a
flake and the stamp in order to pick up the former is
done at a temperature of 90 °C. Release of a flake from
the stamp onto a substrate is done at a temperature
of 110 °C. Metallic contacts are patterned using
laser lithography on a photoresist prior to chemical
development and metal evaporation.

Experimental set-up and data acquisition

All measurements are obtained placing the contacted
heterostructure on a piezoelectric stage (Attocube),
inside a closed-loop Helium cryostat (Oxford). PL
measurements are performed using a homemade
confocal microscope (Olympus x40 long working
distance objective). Spectrally resolved measurements
are performed using a supercontinuum laser (NKT
Photonics) for excitation and a grating spectrometer
coupled to a CCD camera (Andor) for detection. Time
resolved measurements are performed using a pulsed
laser diode with tunable repetition rate (Picoquant) for
excitation and an avalanche photodiode coupled to a
time-correlated counter (PicoHarp) for detection.

Acknowledgments

FV acknowledges financial support from Marie-
Curie International Fellowship COFUND and
ICFOnest programme. PS acknowledges financial
support by a scholarship from the ‘la Caixa’ Banking
Foundation. MM thanks the Natural Sciences and
Engineering Research Council of Canada (PGSD3-
426325-2012). TGP is supported by the Danish
National Research Foundation, project DNRF103
(CNG) and by the Villum foundation (QUSCOPE).
FHLK acknowledges financial support from the
Government of Catalonia through the SGR grant
(2017-SGR-1656), and from the Spanish Ministry of
Economy and Competitiveness, through the ‘Severo
Ochoa’ Programme for Centres of Excellence in
R&D (SEV-2015-0522), support by Fundacio Cellex
Barcelona, CERCA Programme/Generalitat de
Catalunya. Furthermore, the research leading to these
results has received funding from the European Union
H2020 under grant agreement No. 786285 Graphene
Flagship and ERC Synergy Grant Hetero2D. RJH
is fully funded by the Graphene NOWNANO CDT
(EPSRC Grant No. EP/L01548X/1). MS is funded by

FViallaetal

the EPSRC Grant No. EP/P010180/1. Computer time
was provided by Lancaster University’s High-End
Computing facility. VIF acknowledges support from
EPSRC grants EP/S019367/1, EP/P026850/1 and EP/
N010345/1.

ORCIDiDs

Fabien Vialla
3527
Neil D Drummond
0128-9523
Frank H L Koppens
9764-6120

https://orcid.org/0000-0002-9661-
https://orcid.org/0000-0003-

https://orcid.org/0000-0001-

References

[1] MakKF Lee C,Hone J, Shan J and Heinz T F 2010 Atomically
thin MoS;: a new direct-gap semiconductor Phys. Rev. Lett.
105136805

[2] Berkelbach T C,Hybertsen M S and Reichman D R 2013
Theory of neutral and charged excitons in monolayer
transition metal dichalcogenides Phys. Rev. B 88 045318

[3] HeK,Kumar N, Zhao L, Wang Z, Mak K F, Zhao H and Shan J
2014 Tightly bound excitons in monolayer WSe;, Phys. Rev.
Lett. 113 026803

[4] MakKFE HeK,Lee C,Lee GH,HoneJ,Heinz T F and Shan J
2013 Tightly bound trions in monolayer MoS, Nat. Mater.
12207-11

[5] MakKFE HeK,ShanJand Heinz T F 2012 Control of valley
polarization in monolayer Mo$, by optical helicity Nat.
Nanotechnol. 7 494-8

[6] Xiao D,Liu G-B, Feng W, Xu X and Yao W 2012 Coupled spin
and valley physics in monolayers of MoS, and other group-VI
dichalcogenides Phys. Rev. Lett. 108 196802

[7] XuX,YaoW,Xiao D and Heinz T F 2014 Spin and pseudospins
inlayered transition metal dichalcogenides Nat. Phys.
10343-50

[8] Aivazian G, GongZ,Jones AM, ChuR-L,Yan],

Mandrus D G, Zhang C, Cobden D, Yao W and Xu X 2015
Magnetic control of valley pseudospin in monolayer WSe,
Nat. Phys. 11 148-52

[9] Geim A Kand GrigorievalV 2013 Van der Waals
heterostructures Nature 499 419-25

[10] Mak K Fand Shan J 2016 Photonics and optoelectronics of 2D
semiconductor transition metal dichalcogenides Nat. Photon.
1021626

[11] Novoselov K S, Mishchenko A, Carvalho A and
Castro Neto A H 2016 2D materials and van der Waals
heterostructures Science 353 aac9439

[12] Fogler M M, Butov LV and Novoselov K S 2014 High-
temperature superfluidity with indirect excitons in van der
Waals heterostructures Nat. Commun. 54555

[13] Basov D N, Fogler M M and Garcia de Abajo F] 2016
Polaritons in van der Waals materials Science 354 6309

[14] Low T, Chaves A, Caldwell ] D, Kumar A, Fang N X, Avouris P,
Heinz T F, Guinea F, Martin-Moreno L and Koppens F 2017
Polaritons in layered two-dimensional materials Nat. Mater.
1618294

[15] Ceballos F, Bellus M Z, Chiu H-Y and Zhao H 2014 Ultrafast
charge separation and indirect exciton formation in a MoS,/
MoSe, van der Waals heterostructure ACS Nano 8 1271724

[16] Hong X, Kim J, Shi S-F, ZhangY, Jin C, Sun Y, Tongay S,

WuJ, ZhangY and Wang F 2014 Ultrafast charge transfer in
atomically thin MoS,/WS; heterostructures Nat. Nanotechnol.
9682-6

[17] Chen H et al 2016 Ultrafast formation of interlayer hot
excitons in atomically thin MoS,/WS, heterostructures Nat.
Commun.7 12512

8


https://orcid.org/0000-0002-9661-3527
https://orcid.org/0000-0002-9661-3527
https://orcid.org/0000-0002-9661-3527
https://orcid.org/0000-0003-0128-9523
https://orcid.org/0000-0003-0128-9523
https://orcid.org/0000-0003-0128-9523
https://orcid.org/0000-0001-9764-6120
https://orcid.org/0000-0001-9764-6120
https://orcid.org/0000-0001-9764-6120
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1103/PhysRevLett.105.136805
https://doi.org/10.1103/PhysRevB.88.045318
https://doi.org/10.1103/PhysRevB.88.045318
https://doi.org/10.1103/PhysRevLett.113.026803
https://doi.org/10.1103/PhysRevLett.113.026803
https://doi.org/10.1038/nmat3505
https://doi.org/10.1038/nmat3505
https://doi.org/10.1038/nmat3505
https://doi.org/10.1038/nnano.2012.96
https://doi.org/10.1038/nnano.2012.96
https://doi.org/10.1038/nnano.2012.96
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.1103/PhysRevLett.108.196802
https://doi.org/10.1038/nphys2942
https://doi.org/10.1038/nphys2942
https://doi.org/10.1038/nphys2942
https://doi.org/10.1038/nphys3201
https://doi.org/10.1038/nphys3201
https://doi.org/10.1038/nphys3201
https://doi.org/10.1038/nature12385
https://doi.org/10.1038/nature12385
https://doi.org/10.1038/nature12385
https://doi.org/10.1038/nphoton.2015.282
https://doi.org/10.1038/nphoton.2015.282
https://doi.org/10.1038/nphoton.2015.282
https://doi.org/10.1126/science.aac9439
https://doi.org/10.1126/science.aac9439
https://doi.org/10.1038/ncomms5555
https://doi.org/10.1038/ncomms5555
https://doi.org/10.1126/science.aag1992
https://doi.org/10.1126/science.aag1992
https://doi.org/10.1038/nmat4792
https://doi.org/10.1038/nmat4792
https://doi.org/10.1038/nmat4792
https://doi.org/10.1021/nn505736z
https://doi.org/10.1021/nn505736z
https://doi.org/10.1021/nn505736z
https://doi.org/10.1038/nnano.2014.167
https://doi.org/10.1038/nnano.2014.167
https://doi.org/10.1038/nnano.2014.167
https://doi.org/10.1038/ncomms12512
https://doi.org/10.1038/ncomms12512

I0P Publishing

2D Mater. 6 (2019) 035032

[18] Fang H et al 2014 Strong interlayer coupling in van der Waals
heterostructures built from single-layer chalcogenides Proc.
Natl Acad. Sci. 111 6198-202

[19] Tongay S et al 2014 Tuning interlayer coupling in large-area
heterostructures with CVD-grown MoS, and WS, monolayers
Nano Lett. 14 3185-90

[20] Rivera P eral 2015 Observation of long-lived interlayer excitons
in monolayer MoSe,—WSe;, heterostructures Nat. Commun.
66242

[21] Heo H et al 2015 Interlayer orientation-dependent light
absorption and emission in monolayer semiconductor stacks
Nat. Commun. 67372

[22] Lin Y-Cet al 2015 Atomically thin resonant tunnel diodes built
from synthetic van der Waals heterostructures Nat. Commun.
67311

[23] Latini S, Winther KT, Olsen T and Thygesen K S 2017
Interlayer excitons and band alignment in MoS,/hBN/WSe,
van der Waals heterostructures Nano Lett. 17 938—45

[24] Ongun Ozgelik V, Azadani ] G, Yang C, Koester SJ and Low T
2016 Band alignment of two-dimensional semiconductors for
designing heterostructures with momentum space matching
Phys. Rev.B94 035125

[25] Chiu M-H et al 2015 Determination of band alignment in the
single-layer MoS,/WSe;, heterojunction Nat. Commun. 6 7666

[26] Wilson N R et al 2017 Determination of band offsets,
hybridization, and exciton binding in 2D semiconductor
heterostructures Sci. Adv. 3 1601832

[27] Palummo M, Bernardi M and Grossman J C 2015 Exciton
radiative lifetimes in two-dimensional transition metal
dichalcogenides Nano Lett. 15 2794-800

[28] LiL, Long R and Prezhdo OV 2017 Charge separation and
recombination in two-dimensional MoS,/WS,: time-domain
ab initio modeling Chem. Mater. 29 2466-73

[29] Kim J eral 2017 Observation of ultralong valley lifetime in
‘WSe,/MoS; heterostructures Sci. Adv. 31700518

[30] Schaibley J R, Rivera P,Yu H, Seyler KL, Yan J, Mandrus D G,
Taniguchi T, Watanabe K, Yao W and Xu X 2016 Directional
interlayer spin-valley transfer in two-dimensional
heterostructures Nat. Commun. 7 13747

[31] Rivera P, Seyler KL, Yu H, Schaibley J R, Yan J, Mandrus D G,
Yao W and Xu X 2016 Valley-polarized exciton dynamics in a
2D semiconductor heterostructure Science 351 688-91

[32] Nagler P et al 2017 Giant magnetic splitting inducing near-
unity valley polarization in van der Waals heterostructures
Nat. Commun. 8 1551

[33] Rivera P, Yu H, Seyler K L, Wilson N P, Yao W and Xu X 2018
Interlayer valley excitons in heterobilayers of transition metal
dichalcogenides Nat. Nanotechnol. 13 1004—15

[34] Unuchek D, Ciarrocchi A, Avsar A, Watanabe K, Taniguchi T
and Kis A 2018 Room-temperature electrical control of exciton
flux in a van der Waals heterostructure Nature 560 340—4

FViallaetal

[35] RossJ S etal 2013 Electrical control of neutral and charged
excitons in a monolayer semiconductor Nat. Commun. 4 1474

[36] Tongay S et al 2013 Defects activated photoluminescence in
two-dimensional semiconductors: interplay between bound,
charged, and free excitons Sci. Rep. 3 2657

[37] Miller B, Steinhoff A, Pano B, Klein J, Jahnke F, Holleitner A
and Wurstbauer U 2017 Long-lived direct and indirect
interlayer excitons in van der Waals heterostructures Nano
Lett. 17 5229-37

[38] Mouri S, Zhang W, Kozawa D, Miyauchi Y, Edacd G and
Matsuda K 2017 Thermal dissociation of inter-layer excitons
in MoS,/MoSe; hetero-bilayers Nanoscale 9 6674—9

[39] Danovich M, Ruiz-Tijerina D A, Hunt R ], Szyniszewski M,
Drummond N D and Fal’ko V12018 Localized interlayer
complexes in heterobilayer transition metal dichalcogenides
Phys. Rev. B97 195452

[40] Pizzocchero F, Gammelgaard L, Jessen B S, Caridad ] M,
Wang L, Hone ], Baggild P and Booth TJ 2016 The hot
pick-up technique for batch assembly of van der Waals
heterostructures Nat. Commun. 7 11894

[41] Needs R J, Towler M D, Drummond N D and Lépez Rios P
2010 Continuum variational and diffusion quantum Monte
Carlo calculations J. Phys.: Condens. Matter 22 023201

[42] Klein J, Wierzbowski J, Regler A, Becker J, Heimbach E Miiller K,
Kaniber M and Finley ] ] 2016 Stark effect spectroscopy of
mono- and few-layer MoS, Nano Lett. 16 1554—9

[43] Roch ] G, Leisgang N, Froehlicher G, Makk P, Watanabe K,
Taniguchi T, Schénenberger C and Warburton RJ 2018
Quantum-confined stark effect in a MoS, monolayer van der
Waals heterostructure Nano Lett. 18 1070—4

[44] Massicotte M et al 2018 Dissociation of two-dimensional
excitons in monolayer WSe, Nat. Commun. 9 1633

[45] Wang Z, ChiuY-H, Honz K, Mak K F and Shan J 2018 Electrical
tuning of interlayer exciton gases in WSe, bilayers Narno Lett.
1813743

[46] Hattori Y, Taniguchi T, Watanabe K and Nagashio K 2015
Layer-by-layer dielectric breakdown of hexagonal boron
nitride ACS Nano 9 916-21

[47] Kumar N, Cui Q, Ceballos F, He D, Wang Y and Zhao H 2014
Exciton—exciton annihilation in MoSe, monolayers Phys. Rev.
B89 125427

[48] Yuana L and Huang L 2015 Exciton dynamics and annihilation
in WS, 2D semiconductors Nanoscale 7 7402—8

[49] Dufferwiel S et al 2015 Exciton—polaritons in van der Waals
heterostructures embedded in tunable microcavities Nat.
Commun. 6 8579

[50] Liu X, Galfsky T, Sun Z, Xia F, Lin E-C, Lee Y-H, Kena-Cohen S
and Menon V M 2015 Strong light-matter coupling in two-
dimensional atomic crystals Nat. Photon. 9 30—4

[51] Wu S et al 2014 Control of two-dimensional excitonic light
emission via photonic crystal 2D Mater. 1011001



https://doi.org/10.1073/pnas.1405435111
https://doi.org/10.1073/pnas.1405435111
https://doi.org/10.1073/pnas.1405435111
https://doi.org/10.1021/nl500515q
https://doi.org/10.1021/nl500515q
https://doi.org/10.1021/nl500515q
https://doi.org/10.1038/ncomms7242
https://doi.org/10.1038/ncomms7242
https://doi.org/10.1038/ncomms8372
https://doi.org/10.1038/ncomms8372
https://doi.org/10.1038/ncomms8311
https://doi.org/10.1038/ncomms8311
https://doi.org/10.1021/acs.nanolett.6b04275
https://doi.org/10.1021/acs.nanolett.6b04275
https://doi.org/10.1021/acs.nanolett.6b04275
https://doi.org/10.1103/PhysRevB.94.035125
https://doi.org/10.1103/PhysRevB.94.035125
https://doi.org/10.1038/ncomms8666
https://doi.org/10.1038/ncomms8666
https://doi.org/10.1126/sciadv.1601832
https://doi.org/10.1126/sciadv.1601832
https://doi.org/10.1021/nl503799t
https://doi.org/10.1021/nl503799t
https://doi.org/10.1021/nl503799t
https://doi.org/10.1021/acs.chemmater.6b03727
https://doi.org/10.1021/acs.chemmater.6b03727
https://doi.org/10.1021/acs.chemmater.6b03727
https://doi.org/10.1126/sciadv.1700518
https://doi.org/10.1126/sciadv.1700518
https://doi.org/10.1038/ncomms13747
https://doi.org/10.1038/ncomms13747
https://doi.org/10.1126/science.aac7820
https://doi.org/10.1126/science.aac7820
https://doi.org/10.1126/science.aac7820
https://doi.org/10.1038/s41467-017-01748-1
https://doi.org/10.1038/s41467-017-01748-1
https://doi.org/10.1038/s41565-018-0193-0
https://doi.org/10.1038/s41565-018-0193-0
https://doi.org/10.1038/s41565-018-0193-0
https://doi.org/10.1038/s41586-018-0357-y
https://doi.org/10.1038/s41586-018-0357-y
https://doi.org/10.1038/s41586-018-0357-y
https://doi.org/10.1038/ncomms2498
https://doi.org/10.1038/ncomms2498
https://doi.org/10.1038/srep02657
https://doi.org/10.1038/srep02657
https://doi.org/10.1021/acs.nanolett.7b01304
https://doi.org/10.1021/acs.nanolett.7b01304
https://doi.org/10.1021/acs.nanolett.7b01304
https://doi.org/10.1039/C7NR01598D
https://doi.org/10.1039/C7NR01598D
https://doi.org/10.1039/C7NR01598D
https://doi.org/10.1103/PhysRevB.97.195452
https://doi.org/10.1103/PhysRevB.97.195452
https://doi.org/10.1038/ncomms11894
https://doi.org/10.1038/ncomms11894
https://doi.org/10.1088/0953-8984/22/2/023201
https://doi.org/10.1088/0953-8984/22/2/023201
https://doi.org/10.1021/acs.nanolett.5b03954
https://doi.org/10.1021/acs.nanolett.5b03954
https://doi.org/10.1021/acs.nanolett.5b03954
https://doi.org/10.1021/acs.nanolett.7b04553
https://doi.org/10.1021/acs.nanolett.7b04553
https://doi.org/10.1021/acs.nanolett.7b04553
https://doi.org/10.1038/s41467-018-03864-y
https://doi.org/10.1038/s41467-018-03864-y
https://doi.org/10.1021/acs.nanolett.7b03667
https://doi.org/10.1021/acs.nanolett.7b03667
https://doi.org/10.1021/acs.nanolett.7b03667
https://doi.org/10.1021/nn506645q
https://doi.org/10.1021/nn506645q
https://doi.org/10.1021/nn506645q
https://doi.org/10.1103/PhysRevB.89.125427
https://doi.org/10.1103/PhysRevB.89.125427
https://doi.org/10.1039/C5NR00383K
https://doi.org/10.1039/C5NR00383K
https://doi.org/10.1039/C5NR00383K
https://doi.org/10.1038/ncomms9579
https://doi.org/10.1038/ncomms9579
https://doi.org/10.1038/nphoton.2014.304
https://doi.org/10.1038/nphoton.2014.304
https://doi.org/10.1038/nphoton.2014.304
https://doi.org/10.1088/2053-1583/1/1/011001
https://doi.org/10.1088/2053-1583/1/1/011001

	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿Tuning of impurity-bound interlayer complexes in a van der Waals heterobilayer﻿﻿﻿
	﻿﻿Abstract
	﻿﻿﻿Methods
	﻿﻿﻿Sample preparation
	﻿﻿﻿Experimental set-up and data acquisition

	﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿﻿Acknowledgments
	﻿﻿﻿﻿﻿﻿ORCID iDs
	﻿﻿﻿﻿﻿﻿﻿References


