Single exciton trapping in an electrostatically defined 2D semiconductor
quantum dot
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Abstract:

Interlayer excitons (IXs) in 2D semiconductors have long lifetimes and spin-valley coupled
physics, with a long-standing goal of single exciton trapping for valleytronic applications. In this
work, we use a nano-patterned graphene gate to create an electrostatic IX trap. We measure a
unique power-dependent blue-shift of X energy, where narrow linewidth emission exhibits
discrete energy jumps. We attribute these jumps to quantized increases of the number occupancy
of [Xs within the trap and compare to a theoretical model to assign the lowest energy emission line
to single IX recombination.

Main text:

WSe2-MoSe: heterostructures are known to host spatially indirect excitons, with long (>1ns)
lifetimes due to the spatial separation of the electron and hole in different transition metal
dichalcogenide (TMD) layers [1-7]. Signatures of multiple IXs occupying a single trap have been
observed in naturally occurring IX traps [8], and nano-pillar based strain induced traps [9]. In
previous work, we demonstrated nanoscale trapping of IXs using nano-patterned graphene to
induce a spatially varying electric field, which interacts with the permanent out-of-plane dipole
moment of [Xs to create an electrostatically defined quantum dot (QD) for IXs but were unable to
resolve single IX trapping [10]. In this work, we report discrete energy emission lines with a unique
power dependence coming from an electrostatic IX QD, a signature of few-IX interactions and
single-IX trapping. These traps are advantageous over other trapping methods involving strain or
moiré traps, due to their deterministic placement in a lithographically defined process and 100
meV energy tunability by applied gate voltage, with potential for applications as optically-active
QD systems to serve as single photon emitters or quantum spin-photon interfaces [11,12].

Figures 1(a)-1(b) show the layout of the electrostatic IX QD device. We used mechanical
exfoliation and dry transfer to fabricate a dual few-layer-graphene (FLG) gated, hBN encapsulated
WSe2-hBN-MoSe: heterostructure. The thin hBN separator layer between the TMDs strongly
reduces the induced moiré potential energy landscape and increases the dipole moment of IXs,
allowing for larger energy tunability of IXs [13—15]. TMD layers were angle aligned, with their
crystal axes determined by second harmonic generation measurements [ 16—18]. The TMDs in this
device have a near zero degree twist angle (R-type), determined by the energy and circular
polarization of PL. measurements on an adjacent region of the sample without the hBN spacer [15].
The top layer of hBN is chosen to be thin to allow for close proximity to the patterned top graphene
layer. We performed high resolution (100 kV) electron beam lithography and reactive ion etch to
pattern the graphene top gate, producing an oblong oval hole, measured to be 30 x 70 nm by atomic
force microscopy (AFM), shown in Fig. 1(c). A second round of electron beam lithography and
thermal evaporation of Cr/Au was performed to electrically contact to the sample.
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FIG. 1. Layout of the IX trapping structure. (a) Depiction of the MoSe2-W Se: heterostructure, with
a thin hBN spacer layer, encapsulated in hBN with a patterned graphene top gate and FLG back
gate. (b) Depiction of the spatially varying electric field through the heterostructure. (¢) AFM
topography of the etched graphene hole, with the etched area outlined by the dashed red line. (d)
Diagram of the inter- and intra-layer exciton energy when the electric field is set such that the field
away from the hole is -0.18 V/nm. The IX energy shifts with electric field due to the permanent
out-of-plane dipole moment, while the intralayer exciton energy is unchanged.

Figure 1(d) shows the available energy states for inter- and intra-layer excitons in a strong, spatially
varying applied electric field underneath the etched graphene. The electric field profile created by
the nano-patterned graphene was simulated in a 3D COMSOL model, matching the shape of the
graphene etch in the model to the AFM topography. The COMSOL simulations used an
electrostatic model using known values for the in-plane and out-of-plane dielectric constants of
the hBN, and hBN top layer thickness that matched the AFM data of the individual 2D layers [19].
Voltage was applied at the top graphene-hBN interface, while the top surface of the TMD
heterostructure was grounded. The minimum and maximum IX energies and field strengths are set
to match the experimental data in Fig. 2.

With no applied electric field, the IX energy both underneath and away from the etched graphene
is measured to be 1.4 eV, consistent with measurements on other hBN-separated MoSe2-WSe2
heterostructures [13—15]. When the electric field is applied in the opposite direction of the IX
dipole moment, the IX energy increases proportionally to the strength of the local electric field by



H = —p - E, where H is the IX energy, p is the permanent dipole moment of the IX, and E is the
spatially varying electric field coming from the etched graphene. We calculate the electric field
applied by the gate voltages using the three-plate capacitor model for the hBN-separated TMD
layers, described in Unuchek et al. [13]. For a strong enough applied electric field, the IX energy
can be tuned above the energy of the lowest available intralayer (MoSe2) charged exciton state.
However, because the electric field underneath the etched graphene is weaker, for a certain range
of gate voltages, the lowest available energy state in this small area remains the trapped IX state.

Photoluminescence (PL) measurements were performed at 6 K in an optical cryostat (Montana
Instruments), using a 670 nm diode laser and a grating-based spectrometer with a cooled CCD
camera. We used a 0.6 NA 40x objective and a confocal pinhole which resulted in a collection
diameter of 1.5 pm on the sample, aligned to the nanopatterned graphene oblong hole. Figure 2(a)
shows gate dependent photoluminescence (PL), where we applied a topgate/backgate voltage ratio
equal to the relative thickness of the top and bottom hBN, a = -Vbg/Vig = 3.2, to apply an electric
field while keeping the heterostructure overall charge neutral [20]. As the strength of the electric
field increases, the PL energy from free IXs in the area surrounding the removed graphene and
trapped IXs underneath the removed graphene increases linearly as expected.

At low electric field (less than -0.15 V/nm), the free IX PL signal shifts at a rate of 1.4 eV/(V/nm),
leading to a measured dipole moment of 1.4 nm. At an electric field near -0.155 V/nm, the free IX
energy is tuned to 1.62 eV, equal to the MoSe: intralayer trion energy. We note that the prevalence
of the MoSe: trion at 1.62 eV, and relatively weak signal from the MoSe> neutral exciton at 1.65
eV is consistent with the overall bilayer heterostructure being charge neutral, while the individual
MoSe2 and WSe: layers are doped equally and oppositely. At electric fields more negative than -
0.16 V/nm, the IX energy would be higher than the MoSe: intralayer trion energy, but there is no
observed PL signal from free IXs in this electric field regime. Additionally, the brightness from
intralayer trions increases above this field, indicating that the population of holes in the MoSe2
layer that would undergo charge transfer into the WSe:z to create IXs no longer do so, resulting in
a higher population of MoSe: intralayer particles. The trapped IX PL signal appears between 1.5
eV to 1.62 eV, and shows multiple, discrete narrow lines, with linewidths down to 0.9 meV. These
lines can be attributed to electrostatically trapped IXs, as the reduced dipole shift is a signature of
the weaker electric field experienced by these excitons underneath the removed graphene [10].
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FIG. 2. (a) PL from a single IX QD as a function of electric field, with excitation power 125 nW.
The trapped IX PL shows discrete narrow emission lines, and energy shifts with electric field
shown by green arrows. The electric field axis refers to electric field strength away from the etched
graphene. (b) Exciton energy near the etched graphene for varying applied voltage. Blue line
indicates IX energy, black dashed line indicates MoSe: trion energy. Red lines mark the
intersection, showing that with increasing applied voltage, there is less area where excitons will
fall to the trapped IX state.

With increasing excitation power, the trapped IX signal is observed at higher energy (see Fig. S1).
This energy shift can be attributed to IX-IX repulsion between IXs in the same trap, which comes
from two different sources. One source is Coulomb dipolar repulsion energy Epp(4r) due the
repulsion of two dipoles at a distance 4r with their orientation locked to be parallel, previously
observed in both semiconductor quantum well systems and TMD heterostructures [8,9,21-23].
The other source is IXs pushing themselves away from one another, up the side-walls of the trap
to an area of higher electrical potential energy Vix(x,y) which depends on each IX position
coordinates within the trap (x,y).

As the strength of the electric field increases, the trapped IX signal exhibits discrete shifts to lower
energy states, indicating lower population of the trap. As the magnitude of the applied voltage is
increased, there is less area on the sample where the IX state is lower energy than the MoSe:
intralayer trion energy. Thus, there is less area where excitons fall to the IX state, producing a
lower average occupation of the IX trap, shown by Fig. 2(b). At the strongest applied field (<-0.22
V/nm), when the lowest spatial IX energy in the center of the trap meets the MoSe: trion energy,



the lowest PL emission line represents emission from a single trapped IX, as the system crosses
the limiting case towards zero-population of trapped IXs.

We note a 10% increase in the slope of the dipole energy shift of the high population states (-0.16
V/nm < Ez <-0.12 V/nm) compared to the low population states (Ez <-0.18 V/nm) in Fig 2a. This
change in dipole energy shift comes from IXs in high population states being pushed up the side
walls of the trap, where the fractional electric field strength is larger. This confirms the electrostatic
nature of the IX trap and rules out strain as the primary method of trapping, which would not
produce a dipole shift which changes with population of the trap (see Fig. S2).

In order to characterize the discrete energy transitions, excitation power dependent PL was
performed for low powers on the trapped IX signal, shown in Fig. 3(a). At the lowest measured
excitation power, 8 nW, the lowest energy peak is most prominent and centered at 1561.44 + 0.03
meV, with a small signal from a secondary peak at 1563.16 + 0.05 meV. As the power is increased,
the number of IXs in the QD increases. At 18 nW excitation power, the lowest energy PL peak
becomes dimmer, and the second peak becomes the strongest, with a rise of a third peak at
1564.2 £ 0.1 meV. We attribute these three transitions to the lowest possible numbers of IX
occupancy in the trap, N =1—0, 2—1, and 3—2 transitions of IX population. We note that discrete
power-dependent transitions such as these have been previously observed in MoSe2-WSe2
heterostructures in localized [8] and strain-trapped IXs [9] and are attributed to quantized numbers
of IXs within these nanoscale traps. Figure 3(b) shows the energy diagram and measured IX-I1X
repulsion energies for these transitions. We measure these experimental values by fitting the PL
data to a multiple peak fit and taking the average of the center of these fits, with the uncertainty as
the standard deviation of the center wavelength between different excitation power scans.
Increasing the excitation power further causes the third peak to become the most prominent, with
the eventual prominence of a fourth peak, until the linewidth broadens such that individual lines
are no longer resolvable, representing a continuum of exciton states for excitation above 5 pW
excitation power, shown in Fig. S3.
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FIG. 3. Power dependent PL on an IX QD. (a) PL for various laser excitation powers between 8
and 90 nW, with the gate voltage Vig=-1/a *Vvg= 1.8 V, corresponding to an electric field strength
away from the hole of -0.18 V/nm. Grey dashed lines indicated discrete emission peaks, green and
blue arrows represent measured IX-IX repulsion energies. (b) Energy diagram of multi-exciton
states confined within the same QD. Eix represents the lowest available energy state for a single
IX at the applied electric field in the QD. Eix+Eix-ix represents the additional energy to add a
second IX to the same QD. Ex+Ex-ix-ix (Exx+Eix-x-1x-1x) represents the additional energy to add
a third (fourth) IX to the QD.

PL counts (arb. units)gl

We consider other possible origins of the discrete jumps in the trapped IX PL signal, including
charging of the QD with single electrons, and quantum confinement giving rise to quantized energy
states. We rule out charging of the QD by the unique power dependent blue shift of the IX peak in
Fig. 3(a). In order to rule out the possibility of quantum confinement effects we estimated the
quantum energy level spacing. Using the IX effective mass mix = 1.2 mo [24], and solving the 1D
Schrodinger equation using a numerical solver with the potential energy profile from the
COMSOL electric field simulation shown in Fig. 1(d) gives a lowest energy transition of 0.45
meV, four times lower than the lowest experimentally observed transition. Additionally, the
quantum confinement would not produce the unique power dependence observed, where the
lowest energy peak disappears with increasing power, and thus can be ruled as the source of these
energy transitions.

In these low power PL measurements, the dipole-dipole repulsion energy between IXs is on the
order of 1-4 meV, consistent with the energy scale of multi-IX signatures in other reports [8,9].
We note that these previous results only report multi-exciton states up to N =3 [8] and N =5 [9],
whereas our electrostatic trap produces a significantly higher upper limit of multi-exciton states,
eventually producing a continuum-like state. In order to verify that the observed power-induced



blue shift is indeed due to the lowest population IX transitions, we compare our data to a theoretical
model for IXs. We calculated the expected IX repulsion energy by simulating the minimum energy
positions of IXs within the spatially varying potential, balancing dipole-dipole repulsion that
pushes IXs away from one another with the potential energy gradient induced by the etched
graphene that pushes them together. This potential energy landscape for IXs is proportional to the
electric field, which is determined by the COMSOL model of the structure. The dipole-dipole
repulsion Epp(Ar) is calculated as,

2
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Where Ar is the in-plane distance between IXs and d is the measured vertical electron-hole
separation of the excitons, 1.4 nm based on the measured dipole moment. The first term in
parentheses represents the repulsive electron-electron and hole-hole Coulomb energy, and the
second represents the attractive electron-hole Coulomb energy in opposite IXs. The electric field
lines between these dipoles primarily go horizontally through the hBN giving for a relative
dielectric constant of the system ensn 1= 6.9 [19]. We minimize the total energy of the N-exciton
system,

1
Enoix = 5 ) Bpp(B1) + ) Vig (i) ()
Lj i

Where Epp 1s the Coulomb dipolar repulsion term summed over all (i,j) exciton pairs with a 1/2
term to account for double-counting, and Vix is the discretized spatial IX energy dependence of
each individual IX given by the COMSOL electric field model. The minimum Vix = 1.56 eV was
set to match Fig. 3(a), and the maximum Vix = 1.65 eV away from the etched graphene was
determined by extrapolating the energy of free IXs to their value at the electric field =-0.18 V/nm,
given the dipole shift of the free IX energy in Fig. 2(a). We used a Matlab fminsearch function to
minimize the IX energy, which was stable and reproducible for multiple IX initial locations within
the trap. The quantum exchange integral term, which is attractive (repulsive) for IXs in the opposite
(same) valley, was neglected in this simulation. Based on the previous work by Bondarev and
Vladimirova [25], we calculated the exchange energy to be ~20% as strong as the Coulomb
repulsion energy (see Fig. S4) on the IX-IX distance scale of 7 nm given by the simulation. While
this correction may slightly alter relative IX positions it would not significantly alter IX-IX
energies, as the spatial electrical potential energy gradient is slowly varying compared to the
dipole-dipole repulsion energy at the IX locations given by the simulation. Figure 4 shows the
locations of IXs in some of the multi-IX simulations, and Table 1 shows the calculated multi-IX
energies from the simulation in Fig. 4, compared to the experimental values in Fig. 3. Eix-ix = Ea-
x-2(Eix), where Eix is the ground state energy of a single IX in the simulation, 1.56 eV, and Ez-1x
is the minimum energy for two excitons in the trap as given by equation 2. Eix-ix-1x = E3-1x-E2-1x -
Eix is the additional potential energy from the third exciton in the trap, and Eix-ix-ix-ix = E4.1x-Ea-
ix-Eix.
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FIG. 4. Simulated locations for the 4-exciton state for a circular trap of diameter 35 nm (a), an
oblong shaped hole whose dimensions most closely match that of the AFM topography (b), and
an oval hole of 30 x 70 nm (c). Colorbar shows Vix(x,y), whose spatial profile is determined from
the COMSOL simulation of the electric field underneath the etched graphene. The minimum and
maximum Vix are set based on the measured data from Figs. 2 and 3.

Erx—-rx Erx—ix—1x Brx—rx—rx—1x
Experiment 1.73 £ 0.05 2.8 £0.1 3.9 +0.1

Circular Etch 5.2 7.4 10.8
Oblong Etch 1.4 2.8 3.8
Oval Etch 0.8 2.0 3.5

TABLE I: Experimental multi-IX energies from Fig. 3 compared to simulated multi-IX energies
from Fig. 4. All units are meV.

The multi-IX energies from a circular graphene etch in Fig. 4(a) overestimate the measured multi-
IX energy levels, while the oval hole in 4(c) slightly underestimates the observed multi-IX
energies. We note that small changes in the etched graphene shape can produce significant changes
in the IX repulsion energy. Upon careful investigation of the AFM topography, we observe that
one side of the graphene etch is slightly wider than the other (see Fig. S5). Taking this into account,
we modify our COMSOL simulation of the etched graphene shape to more closely represent the
asymmetric shape determined by AFM topography, whose electric field profile is shown in Fig.
4(b). In this simulation, the bi-exciton energy is within 20% of the experimentally measured value,
and the remaining multi-exciton energies are within the uncertainties of the measured values.
Alternatively, this potential energy landscape would also accurately represent the oval graphene
etch in Fig. 4(c), with a small change in the potential energy across the length of the hole due to
randomly induced potential energy variation across the sample described in
Mahdikhanysarvejahany et al. [15], possibly due to strain [26].

In conclusion, we observe evidence of single and few IX trapping in an electrostatically defined
2D semiconductor quantum dot. Our approach using patterned graphene gates is highly
customizable and results in location specific placement of the quantum dot as well as highly



tunable emission energies via gate voltage. While there has been recent progress in alternative
methods to lithographically defined quantum dots in TMD systems that involve direct patterning
of the semiconducting material [27-29], our approach leaves the TMD crystal intact, neutralizing
the effect of edge states. Future studies will involve QD-trapped excitons in a magnetic field to
break valley degeneracy, creating a valley-based two-level system, or investigating the ability to
controllably charge the quantum dot with single electrons to realize a highly deterministic spin-
photon interface [30], which can be potentially be interfaced with nanoplasmonic waveguides to
realize single photon transistors [31] and quantum repeaters [11].
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Figure S1: Confocal PL gatemaps for various excitation power, showing an increase in the
measured trapped X energy with higher excitation power.
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Figure S2: Dipole shift of the trapped IX signal at low excitation power. (a) PL Data from Fig.
S1(a) plotted in units of applied voltage, with IX PL lines representing the highest population IX
states for several voltage ranges marked dashed lines. (b) Absolute value of IX energy shift per
applied voltage for PL lines marked in (a), showing trend of increasing dipole shift with increased
population of the trap. Dipole shifts are calculated by taking the change in the maximum emission
energy of a chosen peak divided by the change in applied topgate voltage. (c) Depiction of a spatial
trapping potential in an electrostatic trap defined by nano-patterned graphene, where excitons
pushed up the side-walls of the trap in higher occupation states will experience a greater dipole-
energy shift as a function of applied voltage. (d) Depiction of a fixed-depth strain trap in a spatially
constant electric field, where excitons in higher population states show the same dipole shift as
those in low population states. The change in dipole shift for different occupation states in (b)
confirms that the induced electrostatic potential is the dominant source of trapping within the IX
energy landscape, as a strain-induced IX trap [9], which would otherwise become the strongest
source of trapping when the moiré potential is removed [15], would not produce the observed
change of dipole shift with occupation level.
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Figure S3: Power dependent confocal PL of IXs in the electrostatic trap, showing the transition
from narrow emission lines to a broad emission peak. We observe an IX energy shift of 30 meV
between the lowest and highest excitation power PL scans. This is the largest power-induced IX
blue-shift to our knowledge, showing that the funneling of IXs to the bottom of the electrostatic
induced potential energy gradient plays a significant factor in IX dynamics.
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Figure S4: Calculated Coulomb repulsive dipole-dipole energy and attractive or repulsive quantum
exchange integral energy [25] as a function if IX-IX distance, using the measured dipole moment
of 1.4 nm, dielectric environment of € = 5 [32] to determine exciton Bohr radius. Black dashed
line shows the measured Eix-ix, 1.7 meV, corresponding to an IX-IX distance of 7 nm when
considering only the Coulomb repulsion energy, giving an upper bound for the exchange energy
between IXs of 0.3 meV. This correction may slightly alter the position of IXs compared to the
simulation in Fig. 4 but would not significantly alter X energy as the electrostatic potential energy
Vix is slowly varying on this length scale.
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Figure S5: AFM linecuts of the etched graphene. (a) Contour plot of the AFM topography with
blue and red line cut locations shown. (b) Line cuts corresponding to (a), with a black dashed line
at z = 0 nm height, showing a small difference in cross-sectional width of the hole on the left and
right sides. The AFM scan is artificially flattened to first order in x and y, setting the flat, unetched
areas on the structure to be of zero average height. We then measure zero-crossing points of the
line cuts to be 35 nm (blue) and 30 nm (red). The exact shape of the hole is difficult to discern,
given the AFM tip radius of 8 nm, and we additionally note that the AFM measurement
underestimates the size of the hole due to the size of the tip radius. However, we note that small
asymmetry in the shape of the graphene etch can produce significantly different multi-exciton
energies, as shown in Table 1.
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