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Abstract. Quantum emitters have an important role in many quantum technologies as quantum sensing and metrology, quantum computation or quantum information. They must be isolated from their
environment, but paradoxically some external control is desired to be kept as well. Those requirements
meet in 2D-materials like TMDs. Excitons, bound electron-hole pairs, are sensitive to their dielectric
environment and to external electric fields due to the low dimensionality of 2D-material, making possible
to modulate their energy landscape by patterning the adjacent materials geometry, which could allow
exciton confinement. In this work, we have first simulated electrostatic fields in patterned hBN and
nano-porous graphene (NPG) structures. Field is concentrated in the edges, creating an in-plane field
that shift the exciton energy due to quantum confined Stark effect. Potential wells created could lead
even to room temperature confinement. Secondly, we have performed PL measurements that point out
spatio-temporal correlations in exciton emission that could be related with exciton diffusion. Also, we
have shown that NPG decreases exciton diffusion, proving therefore an external modulation of the exciton
energy landscape.
Keywords: Exciton, quantum emitters, 2D materials, quantum nano-photonics.

1. Introduction
In the last decade several new 2D-materials appeared, allowing to design novel quantum materials by stacking them into Van der Waals heterostructures (VdWhs). Insulator hexagonal
boron-nitride (hBN) or semiconducting transition-metal dichalcogenides (TMDs) - MX2 with
M=Mo,W and X=S,Se,Te - are, together with graphene, the elements from which VdWhs are
built. Material electronic structure, stacking order or twist angle will in fine govern the heterostructure properties, leading to fascinating physical phenomena (superconductivity in twisted
graphene bilayer [1], Moiré confined exciton in heterobilayer MoSe2 /WSe2 [2]).
In the last 5 years, single quantum emitters embedded in 2D mateirals (hBN, TMDs)
have attracted a lot of attention for their potential in quantum nanophotonics and quantum
technologies as single photon sources or quantum sensing. If there is one key feature of such solid
state quantum emitter in 2D, it is the fact that they are at the surface. This simple observation
has major implications: On the one side, it becomes possible to access their near-field, which is
crucial for nano-photonics integration [3, 4]. On the other side, with the recent nanofabrication
developments and stamping techniques it has also become possible to manipulate their local
environment (dielectric surrounding, electrostatic fields, doping or applied strain), to address
fundamental physical problems such as a single emitter near a surface (e.g. energy transfer [5])
or collective effects in arrays of single photon sources (e.g. superradiance [6]).
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1.1. Emitters in 2D TMDs
In 2D TMDs light-matter interaction is understood trough excitons. An exciton is an electronhole pair bound by their Coulomb interaction, having therefore a smaller energy than the material electrical bandgap. The energy of the exciton defines then the optical transition, and the
energy difference with the bandgap is the binding energy (see Figure 1-a). Excitons are very
well known in the III-V semiconductor community, specially in the context of quantum dots and
quantum wells [7, 8]. However, the increasing interest in 2D semiconductors like TMDs comes
from their unique excitonic properties [9], arising when the thickness of the material is reduced
down to the single layer (1L) limit.

Figure 1: a) Schematic representation of electronic and optic bandgaps and exciton binding energy. b)
Effect of dielectric environment in 2D TMD excitons.

In contrast to their bulk structure, 1L TMDs have a direct optical bandgap in the visible
and near IR range. The dielectric screening of the TMD in a 2D system is reduced, enhancing
the electron-hole Coulomb interaction. Besides, the low thickness quantum confines excitons in
the material plane, which further enhances their binding energies. Result are binding energies
typically of the order of 500meV, which is 10 to 50 times bigger than usual values in bulk
semiconductors [10]. This allows stable excitons governing the optical transition existing up to
room temperature.
Moreover, due to the low dimensionality field lines of the Coulomb interaction extend
outside of the monolayer, as shown in Figure 1-b. As a consequence the exciton becomes
sensitive to the dielectric environment of the TMD: the higher the dielectric constant the more
screened will be the field lines, decreasing the interaction and thus the bandgap and the binding
energy. That offers the possibility to tune both energies up to hundreds of meV by engineering
the materials on top and bottom of the TMD [11].
Net exciton energy shift, EX = Egap − Eb , is of few tens of meV [12]. Thus the optical
transition is also sensitive to the dielectric environment. For instance, encapsulating TMDs with
hBN not only protects the TMD, providing a cleaner and flatter substrate, but also reduces
exciton emission linewidth [13]. Also adding graphene in the TMD and hBN interface can filter
the exciton emission, while shifting its energy [14].
Excitons in 2D TMDs are quantum emitters themselves, but we need them to be localized
to couple with other systems. So they must be spatially confined in the in-plane dimension as
well. Extensive research has been made in intrinsically shaping the local potential felt by the
exciton within the TMD properties as defects [15], strain [16] or geometry [17]. An alternative
is using bi-layer systems where intralayer excitons can be created (i.e. electron and hole are
in different layers). Then by twisting one of these layers with respect to the other a Moiré
superlattice is created, inducing an external effective periodic modulation of the potential felt
by the excitons, which can confine them [2].
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2. Theoretical modeling of excitons
A different approach is studied in this work, where the potential at the TMD is patterned by
the mono-layer environment instead of by the TMD properties themselves. Experimentally, it
is possible to create patterned holes of up to 5nm precision in materials like hBN using He-FIB
(Helium-Focused Ion Beam). Also graphene with few nanometer size holes can be grown, known
as nano-porous graphene (NPG). Examples of such patterned materials are displayed in Figure
2. Interfacing the TMD with patterned hBN or NPG we are shaping the potential landscape
felt by the exciton by means of it dielectric surrounding. This nanoscale patterned VdWhs
constitute therefore a way to achieve exciton confinement.

Figure 2: Examples of nano-patterned 2D-materials. a) AFM image of triangular holes in hBN done
with He-FIB. The profile corresponds to the line cut, showing about 400nm width and 5nm depth holes.
Fabricated at ICFO. b) Nano-porous graphene high resolution image, taken from [18]. Fabricated at
ICN2.

Another way to directly shift the exciton energy is by means of an external electrostatic
field. To do so the TMD is placed between two conductor plates acting as gates with an insulator
spacer, typically hBN, so that an electric field in the perpendicular direction is applied. An
electric dipole is induced, being the exciton energy shifted according to the quantum confined
Stark effect [19, 20]: ∆EX = − 12 α⊥ F 2 , where F is the electric field and α⊥ the TMD out-of-plane
polarizability.
A further proposal of this work is combining these two approaches by applying an electrostatic field in a patterned VdWhs, so that a gradient in the electrostatic potential is also
crated in the in-plane direction, leading to an in-plane field. Due to a 2D TMD intrinsically
anisotropy, its in-plane polarizability is up two orders of magnitude larger than the out-of-plane
one [21, 22], thus if both field components
haveäcomparable magnitudes only the in-plane one
Ä
will be relevant, and ∆EX = − 12 αk Fk2 + α⊥ F⊥2 ≈ − 12 αk Fk2 . Notice no linear term is included
since excitons, although being confined in the material plane, have no in-plane effective dipole
moment.
To investigate this technique we have simulate electrostatic fields in two different patterned
heterostructures. The goal is understanding how are the field created in such heterostructures
and how can we tune them, and quantify the order of magnitude of the energy shift felt by the
exciton, resolving its viability for exciton confinement1 .
2.1. Heterostructures proposed
Two parallel VdWhs are considered: a) using hBN nano-ribbons, rectangular holes in an hBN
layer between the bottom gate and the TMD; b) using NPG as bottom gate, thus creating
directly the modulated electrostatic potential from the gate rather than in the insulator material.
In both cases MoSe2 is used as TMD, which is assumed to have 1nm thickness for the simulations,
1

The project was intended to be fully experimental. Due to confinement I study first some theoretical aspects,
and as soon as possible I went to the lab. Therefore, this work is divided in a theoretical and an experimental
part.
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and top spacer thickness is fixed to 10nm thickness. Also both are periodic structures, so is
reduced to a 2D problem in the in-plane (x) and out-of-plane (y) directions. One period of these
structures is shown in Figure 3.

Figure 3: Schematic representation of simulated heterostructures of a) hBN nano-ribbons and b) NPG
as patterned MoSe2 substrate.

Also the periodicity, that is the total in-plane length of the unit cell of the patterned
heterostructure, is fixed as illustrated in Figure 3. Voltage is chosen to be 1V per 10nm of hBN
total thickness (i.e. of the complete structure), so vertical fields keep below the hBN dielectric
breakdown voltage, of about 5V/10nm [23]. The remaining parameters, hole width and bottom
spacer thickness are free to tune.
2.2. Simulation results and discussion
The electrostatic potential is computed from solving the Poisson equation using a finite elements
method, taking into account the dielectric constants of each material and the gate potentials,
with periodic boundary conditions at the laterals. All gates except from the NPG are considered
to be perfect conductors. From this, electrical fields and Stark shift can be directly computed2 .

Figure 4: a,b) In-plane electrostatic field component map, and c) in-plane, d) out-of-plane field components and e) quantum confined Stark shift in the MoSe2 plane for both heterostructures.

Electrostatic fields created in these kind of heterostructures have mainly out-of-plane component due to the gate geometry. However, near the hBN ribbon or NPG hole edges an in-plane
component arises. This because of the edge itself, where field is concentrated. For better visualization, in-plane component along both VdWhs are plotted in Figures 4-a,b. Moreover, it can
be seen that the edge effect is enough to create an in-plane field inside the MoSe2 . Figures 4-c,d
2
The code for the simulation was developed within the group by Dr. Iacopo Torre and I adapt it for the
particular studied heterostructures.
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show the x and y components in the central plane of the mono-layer for both samples. Note that
the in-plane component reaches a comparable magnitude with the out-of-plane one, so that we
can assume the energy shift is only due to the in-plane field. We chose αk = 10−6 eV (µm/V )2
as a reference in-plane polarizability order of magnitude [21, 22].
In traditional semiconductors edge effects were avoided due to in-plane field generation
could lead to exciton disassociation [24], yet in 2D TMDs the binding energy is so high it allows
in-plane fields of several hundred of V /µm. Edge effects thus create an energy landscape with
two pronounced wells, as shown in Figure 4-e. We can characterize those wells by their peak
value and FWHM, and study how these parameters are modified with the sample geometry.
Figure 5-a shows the dependency with hole width. Because of the in-plane field origin,
the larger the hole the higher the energy shift as the edges affect less each other. When the
hole width approaches the total period width it decreases due to neighbor periods influence, as
periodic boundary conditions apply. Thus extreme values of the hole width are not shown. For
hBN ribbons edge mutual influence is not noticeable from 30nm on, remaining constant. Notice
that under this voltage we have enough energy depth to confine at low temperatures, but not at
room temperature. The FWHM has similar behavior, being values around the few nm in both
cases, which is in the appropriate range for quantum confining [17].

Figure 5: Energy maximum and FWHM dependency on sample parameters. a)With respect to hole
width, continuous lines correspond to hBN and dashed to NPG. Fixed bottom hBN thickness 10nm.
b)With respect to bottom spacer for the hBN nano-ribbons, fixed hole width 60nm. c)With respect to
out-of-plane applied field, same legend as in a; hole width fixed to 50% of period. Black lines correspond
to equivalent thermal energy at 3K (0.26meV) and 300K (26meV).

We can also examine the dependency with the ribbed hBN thickness, shown in Figure 5-b.
As expected maximum energy shift keeps constant, as the effect is produced only near the edges
and we keep the out-of-plane electric field constant to 1V/10nm. FWHM slightly increases,
but does not stand out of the same value range as before. Therefore, while keeping voltage
proportional to hBN thickness, this parameter is indeed not relevant.
In order to obtain room temperature confining is necessary that the confining potential
depth overcome the corresponding thermal energy, represented by the 300K black line in the
three images. We still can increase the out-of-plane field while keeping safe under the breakdown voltage. Figure 5-c shows Stark shift profile evolution with such field. Over 2V/10nm,
room temperature confining starts to be achievable while, importantly, FWHM remains nearly
constant in both cases. Hence potential depth can be increased without loosing in-plane spatial
confinement.
To further validate exciton confinement we need to have tools that helps identifying and
quantifying it, which is the objective of the next experimental part of this work. For that we
must consider the diffusion of free excitons in TMDs. In between their creation and decay,
excitons diffuse over the 2D plane of the TMD [25, 26], unless they are confined, in which case
lower diffusion is expectable. Therefore, studying the diffusion can give a good indication about
confinement.
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3. Experimental procedure
3.1. Sample fabrication
The fabrication process for the type of samples measured consists of two parts: exfoliation
for obtaining the layers, or flakes, that will compose the VdWhs, and dry stamp transfer for
stacking them. Let us schematically describe the steps in each part, illustrated in Figures 6-a,b.
For exfoliating:
1. It starts with a thick TMD crystal stuck on a thin film of PDMS (polydimethylsiloxane).
Another PDMS film is stuck on top.
2. When the PDMS are separated, the crystal breaks into thinner layers.
3. The films are stuck together again, in a different position, returning to step 1. Then steps
1-3 are repeated till obtaining many flakes of much thinner crystals.
4. Then one the films is placed in a thicker PDMS, which in its turn is on a glass slide. Then
mono-layers, if there are, have to be visually identified using a microscope.

Figure 6: Schematic representation of the a) exfoliation and b) dry stamp transfer nanofabrication
techniques. Studied samples: c) hBN/1L WSe2 , d) hBN/NPG/1L MoSe2 /hBN. e) Example of fabricated
sample after nanofabrication training, same heterostructure as d. f) Schematic representation of the
optical set-up.

In case of hBN, last step is done in a SiO2 /Si chip, so flakes are directly on the chip where
the sample is built. For transferring:
1. The slide with the selected flake we want to transfer is placed over a chip, flipped upside
down. If the transfer is done over another flake already in the chip, both have to be aligned
during the whole process.
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2. Then the PDMS with the flake is stamped on the chip. A small angle is always kept
between the PDMS stamp and the chip to have more control of the process, knowing
which part is being stamped. A specific set-up in a microscope allows this process to be
done with relatively high precision.
3. Finally the stamp is slowly removed, leaving the flake stacked on the chip or other flake.
Starting with a clean PDMS stamp with a PC (poly carbonate) layer, this process is also
done to pick up a flake from a chip and transfer it to another one and stack it.
Samples analyzed are shown in Figure 6-c,d. First one is 1L WSe2 over hBN, for which We
checked the monolayer using AFM (Atomic Force Microscopy). Interestingly it shows 3 different
zones: a part with WSe2 directly on SiO2 , another of pristine WSe2 on hBN, and a third also on
hBN but showing bubbles and irregularities. So this offers the same TMD in different conditions.
Second one is 1L MoSe2 on NPG, encapsulated in hBN. We checked the NPG presence using
Raman Spectroscopy, finding out that only parts of the MoSe2 flake are in contact with NPG.
So this sample allow us to compare the effect of having or not NPG.
I was trained in exfoliation and stamp transfer techniques, developed within the group, by
an expert member. The first one was an old sample already fabricated, but I participate the
second and completely fabricate the one shown in Figure 6-e, not analyzed in this report. The
NPG was grown and transferred on a chip previously covered with hBN at ICN2 by Dr. C.
Moreno and Dr. A. Mugarza.
3.2. Optical set-up and measurements
Photoluminescence (PL) is the measure of optically excited exciton emission, filtering out the
reflected excitation light. Specifically 700nm and 750nm long band-pass filters have been used
for filtering WSe2 and MoSe2 emissions, respectively. In both cases the detector was a electron
multiplier CCD (EMCCD) of 512x512 pixels, and measurements were done at room temperature.
A scheme of the optical set-up3 can be seen in Figure 6-f. We performed two PL measurements
types:
1. Initially we did bright field (BF) illumination with a 550nm LED source. All the sample
was illuminated at once and all the emission collected together in an emission image. We
measured intensity time-series of 5000 frames with 0.1s exposure time each.
2. Then we change to a second set-up using a 532nm laser source, where instead of BF
excitation light was focused to a diffraction-limited spot. In the same way emission was
collected with higher magnification using a telescopic system; in this case a single image
with 10s exposure time.
3.3. BF results and discussion
Firstly BF PL images of both samples are shown in Figures 7-a,d. The different areas mentioned
before present indeed strong PL intensity differences: the irregular part in WSe2 has lower PL,
due to all bubbles and strain present; MoSe2 has lower emission than WSe2 , but comparing the
PL with its enlarged image in Figure 7-c it can be seen that the brighter areas correspond with
NPG presence.
Spatio-temporal correlations in the PL emission have recently been shown [27], constituting
a powerful tool to detect excitonic behaviors not directly appreciable in the PL. Given the
intensity time-trace of a pixel in a position r0 , I(t)r0 , we calculate the second order correlation
function at 0 delay with the surrounding pixel time-traces:
h∆I(t)r0 ∆I(t)r it
gr20 ,r (τ = 0) = »
where ∆I(t)r = I(t)r − hI(t)r it
(1)
h∆I(t)2r0 it h∆I(t)2r it
3

The set-ups were already built. I was trained on them and I performed the measurements. Code for the data
analysis and interpretation is new and done by myself.
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Figure 7: a,d) PL images of WSe2 and MoSe2 samples. Numbered dots are the sample locations where
diffusion measurements were taken. An inset of Figure 6-d is hown in c) to compare with the PL image.
b) Correlation spots standard deviation map.

The correlation decays smoothly from pixel r0 creating a spot which size vary according to
the sample part where is taken. Therefore these correlations may have their origin in some other
mechanism intrinsic to the sample. One hypothesis is exciton diffusion: excitons created in one
point of the sample diffuse and mix with other diffused excitons from other sample locations
since we are doing BF, but all excitons coming from same location will keep some correlations,
matching the fact of a vanishing correlation [27, 28]. According to this hypothesis, the extend
of this correlation is related with the diffusion length.
To extract a measure of such correlation lengths, correlation spots are fitted with a 2dimensional Gaussian function, from which the standard deviation σ is computed. Repeating
this process for all pixels in the sample image a standard deviation map is obtained, which shows
the spatial dependence of correlation spots size. The map for the WSe2 sample is represented
in Figure 7-b. Notice it reflects the different environment conditions of the TMD as areas with
different correlation lengths, and even the breaks in the pristine WSe2 over hBN match with the
bluish lines in the map. Hence correlations can reveal informations about non visible structural
properties of the sample. Same was done with the MoSe2 sample, but no correlation spots could
be found in all the sample since correlations were not higher than 0.04. Because of the lower
emission intensity, measurements are noisier in this case, lowering the correlations down to not
being able to appreciate any spot as before.
3.4. Focused spot results and discussion
With the second set-up illumination is focused in a diffraction-limited spot, thus only exciton
emission from that spot is collected. As they diffuse, emission will be a greater spot, as illustrated
in Figure 8-a,b. Fitting both laser and emission spots with 2D Gaussian (Figure 8-c), we can
characterize diffusion as the ratio σP L /σlaser . This has been done for several sample positions in
each sample, marked in the PL images in Figure 7-a,d, and results are presented in Figure 8-d
organized as a function of the material where the TMD is placed on. We used 2µW for WSe2
and 10µW for MoSe2 .
Diffusion is highest when the TMD is placed on hBN, since hBN provides the flatter
substrate from the studied ones. For WSe2 is being slightly reduced when moving to SiO2 .
As this material has not a crystalline structure as hBN the surface is rougher, thus making
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Figure 8: Images of a) the diffraction-limited laser excitation spot and b) and diffusion spot PL measurement, from point 1 in the MoSe2 sample. c) Gaussian fits of spots in a,b. d) Ratio between standard
deviations of PL and laser spots fits measured in locations shown in Figure 7-a,b., distributed as a function
of the TMD substrate.

more difficult for the excitons to diffuse. At the same time, this allow us to relate the diffusion
results with the correlations previously discussed. Notice that matches the fact of having higher
diffusion in hBN than in SiO2 with higher correlation standard deviations, as shown in 7-b.
A bigger difference comes when comparing MoSe2 on hBn and on NPG, where diffusion
is strongly reduced. The spatial modulation of the dielectric environment created by NPG is
in turn a periodic modulation of the exciton energy, in which is more difficult to diffuse. That
result matches the approach presented in this work, reinforcing the idea of exciton confinement
using the dielectric environment.
4. Conclusions and outlook
Interfacing TMD monolayers with other patterned 2D materials as ribbed hBN or NPG can
effectively modulate the exciton energy landscape without altering directly the TMD properties
because of the exciton sensitivity to the dielectric environment. We have simulated the behavior
of a perpendicular electrostatic field applied to such kind of heterostructures, showing that edges
concentrate the electric fields and induces an in-plane component at the TMD. The exciton
energy shifts according to the quantum confined Stark effect, creating potential wells at the
edges. The FWHM of such wells is of few nanometer, and energy depth can be maximized tuning
the geometry and voltage, achieving the 26meV required to room temperature confinement.
On the other hand, we performed PL measurements in two different samples showing experimentally that the TMD environment affects the exciton emission. Spatio-temporal correlations
found in BF images point towards a mechanism influencing exciton emission. We theorized a
relation with diffusion, which was reinforced by diffusion measurements. As well, these results
clearly reflect the influence of the surrounding material, and confirm that stacking a TMD monolayer on NPG reduces exciton diffusion. Hence NPG is modifying the exciton energy landscape
as we expected.
Further confirmation of a relation between exciton diffusion and correlations can be obtained mapping the diffusion standard deviation: scanning the sample and measuring at each
position the diffusion spot we have an image that is directly comparable to the correlation standard deviation map. Besides, gating the patterned VdWhs shown we will implement the theory
developed with the simulations. In particular, hBN patterned triangles will allow to progressively vary the hole width, providing strong testing of this novel approach. This work is therefore
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a first step towards exciton confinement with an external potential modulation. Such control
of quantum emitters is essential for developing new quantum technologies with great potential
that will lead to deeper knowledge of current and novel physics.
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