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We investigate the exciton fine structure in atomically thin WSe2-based van der Waals heterostructures
where the density of optical modes at the location of the semiconductor monolayer can be tuned. The
energy splitting Δ between the bright and dark exciton is measured by photoluminescence spectroscopy.
We demonstrate that Δ can be tuned by a few meV as a result of a significant Lamb shift of the optically
active exciton that arises from emission and absorption of virtual photons triggered by the vacuum
fluctuations of the electromagnetic field. We also measure strong variations of the bright exciton radiative
linewidth as a result of the Purcell effect. All these experimental results illustrate the strong sensitivity of
the excitons to local vacuum field fluctuations. We find a very good agreement with a model that
demonstrates the equivalence, for our system, of a classical electrodynamical transfer matrix formalism and
quantum-electrodynamical approach. The bright-dark splitting control we demonstrate here in the weak
light-matter coupling regime should apply to any semiconductor structures.
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Excitons (Coulomb bound electron-hole pairs) play a
crucial role for the light-matter coupling in many semi-
conductor nanostructures [1]. The short range part of the
electron-hole exchange interaction yields a splitting of the
exciton states corresponding to different relative orienta-
tions of electron and hole spins [2–5]. As a result, the
lowest energy exciton state is usually a dark, optically
inactive, state. In (In)GaAs quantum wells or quantum dots
this splitting between bright and dark exciton states is rather
small, of the order of hundreds of μeV [6–9]. In 2D
perovskites or 2D materials based on transition metal
dichalcogenides (TMDs), the dark exciton states can lie
tens of meV below the bright ones as a result of larger
exchange interaction due to tightly bound excitons and
specificities of the band structure [10–17]. In that case the
exciton fine structure has a dramatic impact on the emission
yield of these new semiconductor nanostructures, even at
room temperature [12,13].
So far it has been commonly assumed that the splitting

between bright and dark exciton in semiconductors is
solely governed by the band structure and the amplitude
of the exchange interaction between the electron and the
hole. In this Letter we demonstrate that the coupling to light
also has to be taken into account [18,19]. We show in our
structure a clear tuning of the bright-dark exciton splitting
as a result of a significant Lamb shift of the optically active

exciton. This shift results from the emission and
reabsorption of virtual photons, similarly to atomic
systems [20–22]. In contrast, the dark exciton has an
oscillator strength orders of magnitude smaller than the
bright exciton one yielding a negligible energy shift due to
the optical environment. As a consequence, the energy
difference between the bright and the dark exciton varies
with the characteristics of the electromagnetic field at the
location of the semiconductor nanostructure. This can be
achieved in a van der Waals heterostructure in the weak
light-matter coupling regime as we demonstrate in this
Letter.
We have measured the variation of the bright-dark

exciton splitting in a 2D semiconductor based on a
WSe2 monolayer (ML) encapsulated in hexagonal boron
nitride (hBN). The control of the electromagnetic field
distribution at the ML plane is simply achieved by
changing the thickness of the hBN encapsulation layer;
see Fig. 1(a). In a simplified picture, this is equivalent to a
variation of the distance between the 2D layer and a mirror
whose effective reflectivity is given by the stacking of
different layers. The key advantage of this technique is
linked to the role of the hBN encapsulation layer that
yields narrow optical transitions approaching the homog-
enous exciton linewidth governed by radiative recombina-
tion [23–29]. We measured a variation of the bright-dark
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exciton splitting with the hBN thickness as large as
1.7 meV. This is a consequence of Lamb shifts that are
orders of magnitude larger than the ones in atoms owing
to the huge exciton oscillator strength in 2D semi-
conductors [30,31]. The key role of quantum electro-
dynamics (QED) in these structures is also highlighted
by the simultaneous measurement of strong variations of
the radiative linewidth, as a result of the Purcell effect [32].
Our measurements are in very good agreement with the
calculated dependence of both the radiative linewidth and
the bright-dark energy splitting using both transfer matrix
techniques and QED approaches. We also uncover
a relation between the Purcell and Lamb effects in

TMD-based van der Waals heterostructures. We emphasize
that the control of the bright-dark exciton splitting
demonstrated here for a TMD ML is a general effect
obtained in the weak exciton-photon coupling regime and
should apply in principle to any semiconductor nano-
structures [6,8,9,11].
The investigated samples are WSe2 MLs encapsulated in

hBN and deposited onto a SiO2=Si substrate using a dry-
stamping technique; the thickness of the SiO2 layer is
83 nm [33]. Details on the samples and experimental setups
can be found in the Supplemental Material (SM) [34].
A WSe2 ML is deposited on a hBN flake exhibiting

different terraces and steps with hBN thicknesses d
measured during the sample fabrication by atomic force
microscopy, Fig. 1(a).
Figure 1(b) displays the photoluminescence (PL)

spectrum for d ¼ 214 nm at T ¼ 5 K using a He-Ne
laser (633 nm). In agreement with previous reports,
the luminescence of the WSe2 ML is dominated by the
recombination of the neutral bright exciton (X0) and the
spin-forbidden dark exciton (XD) with an energy splitting
of Δ ≈ 41 meV [12–17]. The optical selection rules dictate
that the XD exciton is optically forbidden for in-plane
polarized light but it can couple to z-polarized light [51].
Here, the light propagates mainly along z (perpendicular to
the ML plane) but we use a microscope objective with high
numerical aperture (NA ¼ 0.82), yielding the detection of a
fraction of z-polarized luminescence [15,51]. As the dark
exciton XD lies at lower energy compared to the bright
exciton, its significant population yields the rather strong
PL intensity observed in Fig. 1(b). We also observe much
weaker PL components, associated to the recombination of
singlet (XS−) and triplet (XT−) negatively charged excitons
and indirect exciton XI as already identified in many
reports [52–54].
Figure 1(c) presents the time evolution of both bright

(X0) and dark (XD) exciton luminescence following a
picosecond excitation laser pulse in a WSe2 monolayer
with d ¼ 290 nm. As already measured previously, the X0

lifetime is very short, typically less than 2 ps as a result of
the fast radiative recombination time of excitons in
TMDs [26,55]. In contrast, we measure a much longer
PL decay time, ∼800 ps, for the dark exciton XD. This
result tells us that the dark exciton oscillator strength is at
least 3 orders of magnitude weaker than the bright exciton
one, in agreement with theoretical estimates [51]. As a
consequence, we can assume that the Lamb shift of the dark
exciton is negligible compared to the possible energy shift
of the bright exciton linked to absorption or emission of
virtual photons. Moreover, since the dark exciton modes
are z-polarized, they do not experience any cavitylike effect
in our structure.
First, we investigate the dependence of the X0 lumines-

cence linewidth as a function of d. Figure 2(a) displays the
normalized PL spectra for d ¼ 101 and 186 nm. We

FIG. 1. (a) Schematics of the investigated hBN-encapsulated
WSe2 monolayer. (b) CW photoluminescence spectrum of the
WSe2 monolayer (d ¼ 214 nm) showing mainly the emission of
the neutral bright (X0) and dark exciton (XD) at T ¼ 5 K; see
text. The energy difference between X0 and XD is denoted Δ.
(c) Normalized photoluminescence intensity as a function of time
for the neutral bright (X0, black solid line) and dark exciton (XD,
red solid line), d ¼ 290 nm. The blue dashed line corresponds to
a monoexponential fit of the decay time τXD .
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observe a clear increase by more than a factor of 2 (4.3 meV
compared to 2 meV) in the luminescence full width half
maximum (FWHM). As shown in Fig. 3(a), d ¼ 101 nm
and d ¼ 186 nm correspond to position of the ML at the
node and the antinode of the optical field intensity
respectively in the cavitylike structure (calculations based
on the transfer matrix method [56]). Thus the larger PL
linewidth in Fig. 2(a) for d ¼ 186 nm reflects the decrease
of the radiative recombination time due to Purcell effect
already observed in MoSe2 MLs [26–28,57]. Figure 3(a)
presents the variation of X0 FWHM for 11 values of d,
confirming the clear control of the linewidth due to the
cavitylike effect (see also differential reflectivity measure-
ments in SM [34]). In order to reduce uncertainties, each
value displayed in Fig. 3(a) is the average of about 20
measurements obtained at different points of the ML flake
for a fixed d. The novelty here is the demonstration of the
effect in WSe2 monolayer. In contrast to MoSe2, the bright
exciton in WSe2 monolayer lies above the dark exciton XD,
as shown in Fig. 1(b). The clear dependence of the bright
exciton linewidth evidenced in Fig. 2(a) demonstrates that
it is dominated by the radiative recombination and that the

relaxation channel from cold bright exciton to the lower
lying dark exciton plays a minor role.
Figures 2(b) and 3(b) present the key result of this Letter.

We have measured the bright-dark exciton splitting Δ for
the same samples and hBN thicknesses d as the ones used
for the investigation of the Purcell effect. Figure 2(b)
displays for instance the PL spectra for d ¼ 132 and
d ¼ 214 nm (the energy origin has been chosen at the
dark exciton XD energy). We observe very clearly a
variation δE ≈ 1.7 meV of the splitting. The variation δE
of the bright-dark splitting as a function of d is displayed in
Fig. 3(b). Note that the splitting between X0 and XD is
Δþ δE, choosing δE ¼ 0 for d ¼ 100 nm, i.e., when the
WSe2 ML is at the node of the electric field in the cavitylike
structure. We evidence a significant and oscillatory modu-
lation of δE as a function of the electromagnetic field
amplitude. These results demonstrate that the energy
difference between bright and dark excitons is not only
controlled by electron-hole Coulomb exchange interaction
and the semiconductor band structure parameters but the

FIG. 2. (a) Normalized CW PL intensity of the neutral exciton
for d ¼ 101 nm and d ¼ 186 nm. In order to compare the
linewidths, the origin of the energy axis is taken at the PL peak.
The double arrow lines indicate the FWHM linewidths. (b) Nor-
malized PL spectra for d ¼ 132 nm and d ¼ 214 nm. The energy
axis is taken at the XD PL peak. Inset: schematics of the transition
energy shift of X0 (gray shadow) due to Lamb shift.

FIG. 3. (a) Measured (blue symbols) and calculated (blue solid
line) neutral bright exciton linewidth as function of the bottom
hBN thickness d. The red dashed curve is the calculated optical
field intensity at the monolayer plane. The thickness where the
ML is located at the nodes and antinodes are indicated by the
vertical gray bars. (b) Measured (pink symbols) and calculated
(pink solid line) variation δE of the bright-dark exciton splitting
as a function of d.
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coupling to the electromagnetic field also has to be
considered.
Both the exciton linewidth variation and the tuning of the

bright-dark exciton energy splitting presented in Fig. 3 can
be well understood on the basis of a model based on
transfer matrix formalism and quantum-electrodynamical
approaches (see Supplemental Material [34]). We have
calculated the linear response functions (reflectivity, trans-
mission, and absorbance) of our stacking “top hBN
layer=WSe2 ML=bottom hBN layer=SiO2=Si” with the
measured 10 nm top hBN thickness, 83 nm SiO2 thickness,
and crucially the variable bottom hBN thickness d. We used
the following refractive indices: nhBN ¼ 2.2, nSiO2 ¼ 1.46,
nSi ¼ 3.5 [56].
The full line in Fig. 3(a) is the calculated dependence of

the bright exciton linewidth Γ ¼ Γ0 þ Γnr, where Γ0 and
Γnr are the radiative and nonradiative contributions, respec-
tively, extracted from the calculated absorption spectrum.
We observe a very good agreement between the measured
and calculated dependence using the exciton radiative rate
in vacuum Γvac

0 ¼ 2 meV and Γnr ¼ 0.6 meV. Note that the
radiative decay rate is consistent with previous experimen-
tal and theoretical estimations of the recombination rate in
WSe2 monolayer where the cavity effect was not consid-
ered [55,58,59]. Remarkably the same parameters in the
model also yield a very good description of the dependence
of the exciton bright-dark splitting as a consequence of the
Lamb shift; see the full line in Fig. 3(b). The discrepancy
observed for d ¼ 186 nm could be due to an anomalously
large value of the residual doping density for this point
attested by a very large trion PL intensity; see SM [34] for
details.
In quantum electrodynamics, both the variation of the

radiative decay rate and energy of the exciton stem from its
coupling with vacuum fluctuations of electromagnetic
field. Change in the bottom hBN thickness d changes
the local structure of electromagnetic modes in the system
and, consequently, Γ0 and δE. The analysis in SM [34]
shows that these quantities can be also evaluated semi-
classically using the transfer matrix method and expressed
via the electrodynamical Green’s function. Compact ana-
lytical expressions can be derived neglecting the cap layer
effect. In that case [26,34],

Γ0 þ iδE ¼ Γvac
0 ð1þ rbgÞ; ð1Þ

where rbg is the complex reflection coefficient of a three-
layer structure “hBN=SiO2=Si.” Thus, the Purcell factor
and Lamb shift are proportional to the real and imaginary
parts of the substrate’s reflection coefficient. It is instructive
to consider an illustrative case of a simplified open cavity
structure based on a WSe2 ML lying at a distance d0 from a
nonabsorbing mirror characterized by a real reflection
coefficient r (inset in Fig. 4) [31]. In that case
rbg ¼ r expð2iqd0Þ, q ¼ ω=c, c is the speed of light and

ℏω the exciton energy; the exciton radiative linewidth and
the bright-dark splitting variation write simply [34]

Γ0 ¼ Γvac
0 ½1þ r cosð2qd0Þ�; ð2aÞ

δE ¼ rΓvac
0 sinð2qd0Þ: ð2bÞ

These simple expressions directly show why the two
measurements are in quadrature in Fig. 3. In contrast to the
linewidth, which exhibits as expected minima and maxima
at the nodes and antinodes, respectively, the bright-dark
splitting variation δE is strictly zero for these two positions,
in perfect agreement with Eq. (2b). Such a behavior is
general and follows from the dispersion relations for the
reflectivity in Eq. (1); see SM [34] for details. Figure 4
presents the calculated dependence of the bright-dark
splitting energy variation for a WSe2 monolayer in this
simple “open cavity” composed of a mirror with a 100%
reflection coefficient; we used here the same exciton
radiative rate in vacuum Γvac

0 ¼ 2 meV as the one used
in the calculated curves in Fig. 3. A variation of the bright-
dark splitting as large as 4 meV due to the Lamb shift can
be obtained. These huge variations result from Lamb shift
orders of magnitude larger than the ones evidence in atomic
systems [18–22,60].
It was recognized so far that the bright-dark exciton

splitting Δ in TMD semiconductor monolayers includes
three contributions [16,59]: Δ3 ¼ Δexch þ ΔSO þ Δbind,
where Δexch is the short range exciton exchange energy,
ΔSO is the conduction band spin-orbit splitting, Δbind is the
difference between the binding energies of bright and dark
excitons. The terms ΔSO and Δbind are due to the specific
band structure of TMD monolayers, whereas the exchange
term is Δexch ∼ 10 meV [54,61,62]. In Fig. 4, we show that
the new contribution due to QED effect, δE, could be as
large as 4 meV, i.e., ∼40% of the exchange term resulting in

FIG. 4. Calculated variation δE of the bright-dark exciton
splitting as a function of the distance d0 between the mirror
(with reflection coefficient r ¼ 1) and the WSe2 monolayer.
Inset: schematics of the simple configuration where the mono-
layer is at a distance d’ from the mirror.
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Δ ¼ Δ3 þ δE. We can anticipate that similar effects
should occur in other TMD monolayers, including WS2
and MoS2 [62–65]. For MoSe2 monolayers, the impact of
the optical environment could be even more striking since
the dark exciton lies slightly above the bright one with
reported values of Δ ¼ −1.5 meV [17,66], i.e., of the
order of the energy shifts we have observed in WSe2 MLs,
Fig. 3(b). This means that a proper engineering of the
vacuum field quantum fluctuations should reverse the
bright-dark exciton ordering in MoSe2 MLs. We emphasize
that this should occur in the weak coupling regime, in
contrast to the change of bright-dark ordering evidenced for
exciton-polaritons in the strong coupling regime for
a WSe2 monolayer placed inside a high finesse optical
cavity [67]. In GaAs quantum wells, the free exciton
oscillator strength is typically ∼10 times weaker than the
one in TMD monolayers [68]; thus Eq. (2b) predicts a
typical variation of the bright-dark splitting of the order of
∼100 μeV (using r ¼ 1). Remarkably this value is similar
to the bright-dark splitting due to the exchange interaction
measured in GaAs=AlGaAs quantum wells [6,7]. For 2D
perovskites significant variations of the exciton bright-dark
splitting are also expected [10].
Finally we can note that the electromagnetic quantum

fluctuations could also impact long-range exchange inter-
action in the exciton, as theoretically predicted both in bulk
and 2D semiconductors [1,69,70].
In conclusion we have shown that not only the exciton

radiative lifetime is controlled by the optical environment
in a 2D semiconductor but the bright-dark exciton splitting
can also be modified by the potential induced by quantum
fluctuations of the electromagnetic field. All these results
show that the excitons in semiconductor nanostructures are
very sensitive probes of the local vacuum field.
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