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Abstract

We report on the modulation of the fine-structure splitting of quantum-confined excitons in
localized quantum emitters hosted by a monolayer transition metal dichalcogenide (TMDC). The
monolayer TMDC, tungsten diselenide (WSez2), is encapsulated in a van der Waals hetersotructrue
which enables the application of an external electric field on the quantum dot-like emitters hosted
by the monolayer flake. The emitters exhibit quantum confined Stark effect and a modulation in the
fine-structure splitting (FSS) as a function of electric field. A maximum modulation of 1500 ueV is
observed in the FSS from the studied emitters. Finally, we measure the polarization response of the
localized exciton emission as a function of electric field exhibiting strong circular polarization with
decreasing fine-structure splitting, further confirming the suppression of the anisotropic electron-

hole exchange interaction thats causes the FSS.



Semiconducting quantum dots (QDs) are among the most promising sources of non-
classical light because they can generate on-demand single photons for applications in quan-
tum key cryptography and quantum quantum optics [1]. Ideally, QDs could also provide
pairs of indistinguishable entangled photons on-demand, which are are valuable for quantum
networking [2]. One approach is to take advantage of the biexciton to exciton radiative cas-
cade [3]. However, this has been problematic due to the presence of a fine-structure splitting
[4, 5] in the QD emission which limits the indistinguishability of the entangled photon pairs.

Fine structure splitting can originate, for example, from a decrease in the symmetry for
the quantum dots leads to the mixing of their excitonic spin states due to the anisotropic
electron-hole exchange interaction. Further, this leads to an energetic splitting in the emis-
sion of the neutral exciton. The magnitude of the FSS depends on the shape, anisotropic
strain, composition and the crystal inversion symmetry [3]. For generation of entangled
photon pairs, the F'SS needs to be elimintated. External perturbations like strain, electric
field and magnetic field or sometimes a combination of different knobs are used to erase the
F'SS in epitaxially grown quantum dots [6, 7].

Recently, optically active quantum-dot-like emitters were discovered in several 2D ma-
terials like TMDCs [8-11], hBN [12] and GaSe[13]. Their origin have been attributed to
defects [12], naturally occurring imperfections in exfoliated [8-10, 14, 15] or CVD [11] grown
monolayer flakes. Furthermore, they can also be deterministically created by engineering
the strain profile of these layered materials [16-19]. The 2D host of the quantum emit-
ters offers easy integration with current devices in optoelectronics or quantum technologies.
Moreover, 2D layers offer more tunabililty than conventional 3D hosts due to possibility of
making devices based on van der Waals heterostructure [20-23]. Similar to the epitaxially
grown quantum dots, a F'SS at zero magnetic field due to anisotropic electron-hole exchange
interaction in the TMDC quantum dots has been also observed [8, 9, 11, 16, 23, 24]. A zero
field splitting of up to 800 ueV [8, 9, 11, 16] has been recorded which is almost an order of
magnitude larger than InAs quantum dots, a feature attributed to the strong Coulomb in-
teractions in TMDCs [16]. In this work, we will demonstrate the control of the fine-structure
splitting of the excitons in these quantum dot-like emitters by applying a vertical electric
field.

The device used in this experiment is a van der Waal’s heterostructure hosting optically

active QDs in monolayer tungsten diselenide (WSesy). A schematic of the device is presented
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FIG. 1. (a) Device schematic showing the van der Waals assembly on a substrate with pre-patterned
electrodes. (b) Time trace of the photoluminescence (PL) spectra from the studied doublet peak
exhibiting correlated spectral wandering. (c¢) PL as a function of applied voltage (V) showing
modulation of the FSS. (d) Spectral line-cut at three different voltages. Energy level diagram at

() V=-9Vand (f) V=9 V showing maximum and minimum FSS at the two different applied

voltage.

in Fig. 1(a) The device has a capacitor-like geometry with few layer graphene (FLG) serving
as the top and bottom electrodes that is connected to an external Keithley 2400 sourcemeter
for applying voltage (V). Few layer hexagonal boron nitride (hBN) (~ 15nm) is used as the
dielectric material on either side of the monolayer WSes which hosts the quantum emitters.
This geometry enables the application of a vertical electric field which is sensed by the
emitters in WSey. Such van der Waals heterostructure integrated with TMDC quantum

emitters has previously demonstrated strong quantum-confined Stark effect [22], efficient
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FIG. 2. (a)-(c) Extracted peak energies of the doublet from three QDs as a function of voltage.
Solid lines are fit to Stark shift equation 1. (d)-(f) FSS as a function of applied voltage for the
three QDs.

electroluminescence [20, 21] and controlled generation of charged exciton in TMDC QDs
23].

Fig. 1(b) presents the photoluminescence (PL) spectral map as a function of time. From
the color plot in Fig. 1(b), we see two split peaks owing to the fine-structure splitting. The
two peaks also exhibit correlated spectral wandering due to random fluctuations in the local
environment of the quantum dot. This suggests that both peaks originate from the same
confined exciton. We refer to this two split peaks from the same QD as a doublet. The
energy splitting between the two peaks of the doublet results in a value of ~ 800 peV for
the FSS at zero voltage. This is consistent with the splitting observed in previous reports
8,9, 11].

Next, we study the correlation between the FSS and the applied voltage (V). Figure 1(c)
presents the voltage-dependent PL map of the doublet showing a modulation of the emission

energy due to quantum-confined Stark effect (QCSE) of the emitters [22]. This is also clear
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in the spectral line-cuts from three different voltage points plotted in Fig. 1(d) From Fig.
1(c)-(d), we can see that the energy splitting between the doublet (FSS) is also modulated
along with a shift in their individual emission energies. This is illustrated by the energy level
diagram in Fig. 1(e)-(f). At V =-9 V | we observe the maximum splitting of ~ 1500 peV.
On sweeping the voltage to positive direction the F'SS reduces and shows a minimum at V
= 9 V. QCSE is also accompanied by a reduction in intensity and broadening of linewidth
due to onset of non-radiative tunneling effect [22]. Thus, at V > 9 V, the PL intensity is
significantly reduced and the peak is broadened which makes it difficult to resolve the F'SS.

In Fig. 2(a)-(c), we plot the extracted peak position obtained from three different QDs.

The PL emission energy from the two lines of the doublets are fit to:
Lo
E:EO—/LF—iaF (1)

where FEj is the zero-field transition energy, F' is the local electric field acting at the emitter,
and p and « are the dipole moment and polarizability, respectively, between the ground
and excited states. F' is calculated from the applied voltage (V) by the Lorentz local field
approximation [25], F' = V(e + 2)/(3t), where € is the dielectric constant and ¢ is the
thickness of the surrounding h-BN environment. Our device is approximately 30 nm thick,
and the dielectric constant of h-BN [26] is taken to be 3. It is well known that the Coulomb
exchange interaction can be modified by the Stark effect because the electric field can modify
the overlap of the carrier wavefunctions [27]. In this case, we see that both eigenstate of
the excitons shift at different rates as a function of the applied electric field for the three
QD doublets presented in Fig. 2(a)-(c). The orientation of the dipole with respect to the
electric field could affect the two states unequally along the electric field direction [3]. This
leads to a nearly monotonic change in the FSS [Fig. 2(d)-(f)] observed up to the resolution
limit of our setup (0.02 nm or 40 peV).

The maximum Stark shift and the fitting parameters for the the quantum emitters are
summarized in Table I. From the table, QD1 exhibits a maximum change in the FSS
accompanied by a maximum average Stark shift (AEg{,bg) of 750 peV. QD2 and QD3 exhibit
a relatively low AFSS which can be correlated with the reduced shift in the average peak
emission energies than QD1. Further the magnitude and sign of the dipole moment of the
two peaks of the doublet are different for all the three emitters which allows the peaks to

converge as a function of applied voltage. Thus, we see that the emitter’s dipole orientation
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TABLE I. Correlation of the Stark effect with the modulation of the FSS. AF'SS and AE are the

maximum change in FSS and emission energy in ueV respectively. AE%; is the average Stark

shift (AE) of the two peaks of the doublet.

QD AFSS Peak AE AE%: (D) a (A)

avg
Peak A 1100 —0.069 5.2
QD 11490 Peak B 400 750 0.013 3.6
Peak A 800 —-0.044 7.7
Qb2 567 Peak B 300 550 0.07 9.1
Peak A 400 —0.008 97.8
Qb3 150 Peak B 500 450 0.069 95.6

with respect to the electric field strongly affects the fine-structure splitting. Due to this,
two different external perturbations are used in earlier experiments (combination of strain
and electric field) [28], where one perturbation is used to align the orientation of the exciton
along the axis of the other control knob for complete reduction of the fine-structure splitting

of the doublet emission state.

In the case of epitaxially grown QDs, strain has been used to align the QD exciton along
a preferred direction of the electric field where the electric field effect is maximized. Both the
strain and electric field act as effective deformation to restore the symmetry of the quantum
dots. The emitters embedded in monolayer WSe; can be under the influence of random
strain fields due to imperfections in the exfoliated crystal which may or may not align the
emitter along the electric field. This is why we see a modulation in the FSS only in 10 — 15%
of the emitters studied in the different heterostructure devices which also vary from emitter
to emitter. Further, our findings suggests that the electric field (F) is highly dependent on
the position of the emitter and its local environment which leads to different behavior for

the different observed emitters.

Because the finite spectral resolution of the experimental setup does not let us prove
FSS = 0, we measure the circular polarization of the exciton peaks. For the case of the
quantum dots, the degeneracy in the exciton state is lifted due to asymmetric confinement,

for example, by strain, which leads to linearly polarized eigenstates [8, 11]. A complete
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FIG. 3. Circular polarization resolved PL spectra at different voltages: (a) -9 V, (b) 9 V, and (c)
10 V. Red (Blue) curve is ot (07) polarized photoluminescence emission. (d) Degree of circular

polarization (p) as a function of fine-structure splitting.

reduction in the degeneracy restores the circular polarization of the exciton state given by

the spin-valley coupling. The degree of circular polarization is defined as:

Ly — 1,
— 7 4100 2
=, H10% @)

where I,+ and I,- are intensities for o+ and o~ detection. Circularly polarized resolved PL
spectra at different input voltages are shown in Fig. 3. The degree of circular polarization is
expected to increase as the fine-structure approaches zero [29]. In this case the exciton is no
longer a mixture of the spin-valley states as the FSS approaches zero. In Fig 3(a), the PL
lines are unpolarized in the circular basis. Increasing the voltage in positive direction leads
to an enhancement in the degree of circular polarization up to 42% [Fig 3(c)]. Although
this indicates that a FSS is still present, it could not be detected any further due to the
resolution limit of the setup. The spectral resolution can be improved by using a Fabry-Perot
interferometer which is the direction of a future study. On increasing the voltage beyond

10V, the device switches to the tunneling regime for this QD where, the confinement energies



have been reduced to the extent that the electron-hole pairs tunnel out from the emitter.
Therefore, we are limited by the confinement energies which limits us from applying higher
field which could potentially restore the symmetry of the emitter to provide unity degree of
circular polarization. To overcome this, emitters with deeper confinement potential could be
designed by engineering the strain in the device or an additional strain control knob can be
used along with electric field. In summary, we have demonstrated the manipulation of the
F'SS by applying an external voltage. This has been further confirmed by the enhancement
in the degree of circular polarization due to reduced mixing from electron-hole Coulomb
exchange interactions. Such electric field devices are well suited to be integrated to low
volume cavities enabling higher efficiencies of optical coupling and cavity QED effects with
large Purcell enhancements [30, 31]. In the future, a field effect device with deterministically
created quantum dots fabricated on a piezoelectric or flexible substrate can be employed
to apply a combination of strain and electric field to observe more versatile and effective
modulation of the FSS. This work identifies a clear path to fully suppressing F'SS, which
enables the the cascaded biexiton emission [32] to be used as a source of entangled photons

in scalable solid-state based quantum information technology.
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