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Optical properties of atomically thin transition metal dichalcogenides are controlled by robust
excitons characterized by a very large oscillator strength. Encapsulation of monolayers such as
MoSe2 in hexagonal boron nitride (hBN) yields narrow optical transitions approaching the homoge-
nous exciton linewidth. We demonstrate that the exciton radiative rate in these van der Waals
heterostructures can be tailored by a simple change of the hBN encapsulation layer thickness as a
consequence of the Purcell effect. The time-resolved photoluminescence measurements show that
the neutral exciton spontaneous emission time can be tuned by one order of magnitude depending
on the thickness of the surrounding hBN layers. The inhibition of the radiative recombination can
yield spontaneous emission time up to 10 ps. These results are in very good agreement with the cal-
culated recombination rate in the weak exciton-photon coupling regime. The analysis shows that we
are also able to observe a sizeable enhancement of the exciton radiative decay rate. Understanding
the role of these electrodynamical effects allow us to elucidate the complex dynamics of relaxation
and recombination for both neutral and charged excitons.

The control of the spontaneous emission using a cav-
ity to tune the number of electromagnetic modes cou-
pled to the emitter has been demonstrated in various
atomic and solid-state systems, following the pioneer-
ing work of Purcell [1–6]. Remarkably, it was shown re-
cently that ultra-thin semiconductors such as transition
metal dichalcogenide (TMD) monolayers encapsulated
in hexagonal boron nitride (hBN) exhibit spontaneous
emission-dominated optical transition linewidths [7–9].
A very strong light matter interaction in these 2D mate-
rials has triggered a great interest both from a fundamen-
tal point of view and for possible optoelectronic applica-
tions [10–18]. In order to enhance the optical emission,
the TMD monolayers have been integrated with various
photonic crystal structures [19–21]. The optical proper-
ties are governed here by very robust excitons with bind-
ing energies of a few hundreds of meV and very large
oscillator strength [22]. Owing to hBN induced surface
protection and substrate flatness which reduce the inho-
mogeneous broadening [7], the exciton lines in encapsu-
lated TMD monolayers (ML) are mainly dominated by
homogeneous broadening which allow for instance the re-
alisation of very efficient atomically thin mirrors [8, 9].
In these van der Waals heterostructures, the surround-
ing hBN layers change the dielectric environment for the
excitons in the TMD monolayer, resulting in different
binding energies and oscillator strengths [23, 24]. How-
ever its impact on the exciton radiative recombination
dynamics due to modification of photon modes in these
atomically flat layers has not been evidenced so far.

In this Letter we demonstrate that the top and bot-
tom hBN encapsulation layers form a microcavity-like
structure which controls the exciton radiative lifetime in
the MoSe2 monolayer through the Purcell effect. In this
weak coupling regime, the escape time of spontaneous

photons out of our open cavity-like structure is much
shorter than the radiative lifetime and reabsorption is
negligible. This is in contrast with the strong coupling
regime obtained with much more reflective mirrors result-
ing in microcavity polaritons [25]. As the spontaneous
emission probability is proportional to the amplitude of
the electromagnetic field mode, the variation of the local
density of optical modes within the cavity is at the origin
of the variation of the radiative recombination rate. In
time-resolved photoluminescence (PL) measurements we
demonstrate that the exciton radiative lifetime in MoSe2

monolayer can be tuned by about one order of magni-
tude as a function of the hBN thickness, in very good
agreement with the calculated dependence using trans-
fer matrix techniques [24]. Remarkably the measured
variations of the radiative lifetime measured here (typi-
cally from 1 to 10 ps) are much larger than the ones re-
ported previously in open semiconductor cavities based
on dielectric mirrors [26, 27]. The tuning of the radia-
tive lifetime demonstrated here for encapsulated MoSe2

monolayers should also apply to other semiconductor 2D
materials and associated heterostructures.

Samples and setup. We have investigated MoSe2

MLs encapsulated in hBN deposited onto a 80 nm
SiO2/Si substrate using a dry-stamping technique [28],
see Fig. 1(a) and Supplementary Information (SI [29])
for the details on the fabrication technique. This easy
and versatile technique allows us to fabricate various van
der Waals heterostructures where the density of optical
modes at the location of the TMD monolayer is tuned.
During the fabrication process the thickness for each
hBN layer was accurately measured by Atomic Force Mi-
croscopy (AFM) with a typical resolution of ±3 nm for
the top hBN and ±5 nm for the bottom hBN layer. We
present the results on four samples with different bot-
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FIG. 1: (a) Schematics of the investigated MoSe2 monolayer
embedded in hexagonal Boron Nitride. (b) Schematics of
the cross section and optical microscope image of the van
der Waals heterostructure hBN/ML MoS2/hBN (Sample III)
where the same monolayer is embedded in a cavity-like struc-
ture characterized by different bottom hBN layer thickness d.
(c) Optical intensity map calculated at the MoSe2 monolayer
location as a function of both the emission wavelength and the
bottom hBN layer thickness d. The horizontal white dotted
line corresponds to the neutral exciton emission wavelength
(∼ 756 nm). (d) cw photoluminescence spectrum of sample
II (d = 273 nm) showing the emission of both the neutral (X)
and charged (T) exciton, T=7 K.

tom hBN thicknesses: In samples I and II, the bottom
hBN thickness is d=180 and 273 nm respectively, corre-
sponding to the MoSe2 ML located, respectively, at the
anti-node and the node of the standing wave according to
the calculation of the electric field distribution, Fig. 1(c).
For the sample III, the same MoSe2 ML is deposited on
a hBN flake exhibiting different terraces and steps with
hBN thicknesses d = 206, 237, 247 and 358 nm for zone
A, B, C and D respectively, Fig. 1(b) (the terrace D is
outside the optical microscope image). Sample IV is sim-
ilar to sample III with two terraces d = 125 and d = 149
nm. This allows us to investigate the exciton dynamics
of the same MoSe2 ML and different bottom hBN layer
thicknesses. The top hBN thickness does not play a key
role here considering its small value of 9, 7, 8 and 8.5 nm
in sample I, II, III and IV respectively.

Figure 1(b) shows an optical microscope image of the
Sample III illuminated with white light from a halogen
lamp. For each hBN thickness, the observed color in
each zone on the sample agrees very well with the one
obtained by calculating the reflectivity spectra using a
transfer matrix method [24] with no adjustable parame-
ters, using the hBN thicknesses measured by AFM and

the measured hBN refractive index from Ref. [37], (see
SI [29]). Figure 1(c) presents the light intensity map
calculated at the ML location as a function of both the
emission wavelength and the bottom hBN thickness. The
Fabry-Perot interference effects and its dependence on
the bottom hBN thickness are clearly seen. Continuous
wave (cw) and time-resolved PL experiments are per-
formed at T = 7 K using a He-Ne laser (633 nm) and a
Ti:Sa mode-locked laser (∼ 1.5 ps pulse width, 80 MHz
repetition rate) respectively, see the experimental details
in SI [29, 38, 39]. The typical excitation power is 5 µW
and the spot diameter about 1 µm, i.e., in the linear
regime of excitation which allows discarding any Auger
type or stimulated emission processes [40].

Results and discussion. The encapsulation of TMD
monolayers with hBN results in high optical quality
samples with well-defined optical transitions exhibiting
linewidth in the 1 . . . 4 meV range at low temperature
[7, 41, 42]. Figure 1(d) displays the cw PL spectrum for
sample II. In agreement with previous studies, both neu-
tral exciton (X) and trion i.e., charged exciton (T) are
clearly observed, with a PL linewidth of X as small as
1.1 meV (Full Width at Half Maximum, FWHM).

Figure 2 presents the key results of this investigation.
In Fig. 2(a), the normalized luminescence intensity dy-
namics of the neutral exciton X is plotted for samples I
and II (differing only by the bottom hBN thickness of 180
and 273 nm respectively). While the decay time is similar
in both samples with a typical value of ∼ 18 ps, the PL
rise time is clearly different: it is much shorter in sample
I (limited by the time-resolution of the set-up), compared
to a value of ∼ 10 ps in sample II. In general, the rise and
decay rates of PL signal are determined by the interplay
between the feeding rate of the radiative state and the
recombination rate. In our case, the rise time of lumines-
cence corresponds to the exciton radiative recombination
time whereas the PL decay reflects the relaxation time of
photogenerated excitons at higher energies towards the
radiative states (K ≈ 0). This counter-intuitive result
is in part because the relaxation time, τrelax , is longer
than recombination time, τX , and can be easily mod-
eled with a basic two-level model as shown in the inset
of Fig. 3(b). The experimental results in Fig. 2(a) can
be perfectly fitted by the resulting bi-exponential dy-
namics (see SI [29] for details): The PL decay time is
not controlled by the radiative recombination time but
it corresponds to the feeding time of the radiative states,
see Fig. 3(b) for the fit on sample II. Taking into ac-
count the instrument response time, we find τrelax =18
ps in both samples whereas τX = 11 ± 1 ps is typically
10 times larger in sample II compared to sample I with
τX < 1.5 ps. This is exactly the expected behaviour due
to the inhibition of the spontaneous lifetime in sample
II as the ML is located at the node of the electric field
in the cavity-like structure (see Fig. 2(b) ). Changing
the excitation laser wavelength over the range 710-753
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FIG. 2: (a) Left: normalized photoluminescence intensity (log
scale) of the neutral exciton X as a function of time for sam-
ple I (d = 180 nm) and sample II (d = 273 nm); the full
lines correspond to the bi-exponential fits (see text). The in-
strument response is obtained by detecting the backscattered
laser pulse (wavelength 712 nm) on the sample surface, see
the dotted line labeled ’Laser’; Right: zoom of the rise-time
(linear scale). (b) Calculated (full line) and measured (sym-
bols) neutral exciton radiative lifetime as a function of the
hBN bottom layer thickness d. The red dashed curve is the
calculated intensity of electromagnetic field in our structure
(same calculation as in Fig. 1(c)) . Inset: normalized time-
resolved photoluminescence intensity in sample III for three
different hBN bottom layer thicknesses. (c) Normalized cw
PL intensity of the neutral exciton in sample I and sample
II clearly showing different linewidths. Because the energy
of the PL peak slightly depends on the sample and sample’
position by a few meV, the origin of the energy axis is taken
at the PL peak. Inset: PL linewidth (FWHM) for 10 different
positions in sample I and II.

nm produces non measurable variations of the exciton
dynamics (see SI [29] ). Note that in previous measure-
ments of the exciton dynamics in bare TMDC monolayers
the radiative recombination time was assigned to the de-
cay of the emission signal [38, 39, 43]. This control of
the radiative lifetime by the cavity effect is confirmed by
the measurement of the excitonic dynamics in samples III
and IV where the same MoSe2 monolayer is encapsulated

by hBN of different thickness. Figure 2(b) displays the
exciton radiative lifetime as a function of the hBN thick-
ness (obtained with the same fitting procedure as above).
The inset of Fig. 2(b) shows the measured PL rise times
in sample III for different thicknesses. We have compared
the measured variation with the calculated one using the
transfer matrix method (see Ref. [24] and SI [29]), ex-
tracting the exciton radiative decay rate Γeff

0 from the
pole of numerically calculated absorbance and using the
relation [44]

τX = h̄/(2Γeff
0 ). (1)

Assuming a free space radiative lifetime of MoSe2 ML
of 2.7 ps which is the single free parameter, we find
in Fig. 2(b) that the measured radiative lifetime is in
very good agreement with the calculated one. Fig. 2(b)
demonstrates that the exciton spontaneous lifetime can
be tuned by more than one order of magnitude. This
is much larger than the small variations (10-30 % typi-
cally) reported previously with Bragg reflector microcav-
ities using III-V semiconductor quantum wells as emit-
ters [26, 27]. Significant modulations of the radiative
lifetimes due to Purcell effect were evidenced in open cav-
ities using metallic mirrors [45] or with 3D cavity with
additional lateral mode confinement: a typical factor 10
was for instance reported for quantum dots embedded in
micro-pillars [5, 6]. We emphasize that the radiative life-
times in the picosecond range evidenced in Fig. 2 are fully
consistent with the recent measurements by Four-Wave
Mixing (FWM) experiments of the radiative broadening
in a MoSe2 monolayer encapsulated in hBN [46].

A striking feature is that the cavity effect related to
the hBN encapsulation has also a strong influence on the
excitonic linewidth measured in cw PL spectroscopy. As
shown in Fig. 2(c), the cw PL linewidth is about twice
smaller in sample II (∼ 1.1 meV FWHM) compared to
the one in sample I (∼ 2.2 meV), a trend fully consistent
with the expected variation of the radiative linewidth,
Eq. (1), due to the cavity effect. The linewidth usually
includes both a homogeneous and inhomogeneous contri-
bution and the latter can fluctuate in different points of a
given monolayer as a result of the local dielectric disorder.
Nevertheless, the average of the measurements recorded
for different points on the sample II (with longer τX) is
significantly lower than that on sample I. From the mea-
surements on 10 different points on each sample, inset of
Fig. 2(c), we find a linewidth (FWHM) of 1.1 ±0.13 meV
and 2.0±0.25 meV on sample II and I respectively. As ex-
pected a larger linewidth is measured in sample I charac-
terized by a much shorter radiative lifetime, see Fig. 2(a).
This result is confirmed for sample IV for different cav-
ity lengths (see SI). As the exciton linewidth in TMDC
monolayers is mainly dominated by radiative broadening
[7–9, 47, 48], the control of the exciton spontaneous life-
time due to the cavity effect evidenced in Fig. 2(a) and
(b) also yields a tuning of the exciton linewidth [49, 50].
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However, linear techniques such as photoluminescence
or reflectivity spectroscopy used here cannot disentangle
the linewidth contributions from inhomogeneous broad-
ening, non-radiative processes, light scattering and ra-
diative decay. This would require the use of non-linear
techniques such as FWM experiments [46–48]. Neverthe-
less, the exciton linewidth measured in sample I allows
us to estimate the radiative lifetime in this sample (the
time-resolved PL measurements demonstrate that it is
shorter than ∼ 1.5 ps); from the analysis presented in
the SI [29] we can infer τX ∼ 740 fs. This value is close
to previous estimations where the cavity effect was not
considered [8, 9, 46, 48, 51]. By comparing the measured
radiative lifetime and the measured linewidth in cw PL,
we find that the latter is not fully controlled by spon-
taneous emission time and inhomogeneity must still be
considered. This is also consistent with recent FWM ex-
periments [46].

Finally, the control of the radiative lifetime resulting
from the hBN encapsulation is further confirmed by mea-
suring the dynamics of the charged exciton (trion, T).
Figure 3(a) displays the normalized luminescence inten-
sity dynamics of the charged exciton T for different hBN
thicknesses in sample III. In contrast to the neutral exci-
ton the variation of the bottom hBN thickness has here
an impact on the trion luminescence decay time (and
not on its rise-time). As the charged exciton oscillator
strength is smaller than the neutral exciton one [21, 52],
the trion radiative lifetime of the order of ∼ 100 ps is now
longer than the relaxation/formation time. As a result,
the PL rise time corresponding to this energy relaxation
time does not vary with the cavity thickness. Here, the
striking feature is that we find a variation of the trion PL
decay time as a function of the hBN thickness very simi-
lar to the variation of the neutral exciton radiative time,
Fig. 2(b). Nevertheless, the amplitude of the variation
is much smaller for the trion (typically 10%) whereas in
the same sample the measured neutral exciton lifetime
varies by more a factor two (∼ 3 to 7 ps), Fig. 2(b).

The cavity effects revealed in this work make it possi-
ble to elucidate the complex dynamics of relaxation and
recombination of excitons in TMD MLs [53]. In gen-
eral, the exciton lifetime τ , measured in time-resolved
luminescence dynamics, depends on both radiative and
non-radiative (NR) recombination channels with 1/τ =
1/τrad + 1/τnr. The radiative decay channel depends on
the electrodynamical environment characteristics due to
the Purcell effect while the non-radiative one, having no
electromagnetic origin is assumed unchanged. Remark-
ably, the strong variation of the neutral exciton lifetime
reported in Fig. 2 demonstrates that the neutral exciton
lifetime at low temperatures is limited by the radiative
recombination (controlled here by the Purcell effect) with
negligible contribution of NR channels. However we did
not observe any effect of the environment on the exci-
ton dynamics for lattice temperatures above 80 K (see
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FIG. 3: (a) Normalized photoluminescence intensity of the
charged exciton (T) as a function of time for different bottom
hBN layer thicknesses d. The full lines correspond to mono-
exponential fits of the decay time τT . (b) Measured (symbols)
and fitted (full line) of neutral (X) and charged (T) exciton
dynamics for encapsulated MoSe2 monolayer with a bottom
hBN layer thickness d = 273 nm (Sample II). Inset: schemat-
ics of the two-levels model used to describe both neutral (X)
and charged (T) exciton dynamics (see text).

SI [29]). This is due to the fact that the exciton lifetime
is no more controlled by purely radiative recombination
[54]. The rather small modulation of the trion lifetime
observed in Fig. 3 reveals that it is significantly affected
by NR recombination. We can infer a NR trion recombi-
nation time of the order of τnr ∼ 100 ps, i.e. competitive
with the radiative one.

Excellent fits of both the neutral and charged exciton
PL dynamics can be obtained with the two-level model
using the same relaxation time τrelax from the photogen-
erated high energy states, inset of Fig. 3(b). As already
reported for non-encapsulated TMD MLs [39], we do not
find here any evidence of electronic transfer from neu-
tral excitons to trions in MoSe2 ML. This result seems
counterintuitive since the PL decay time of the neutral
exciton X coincides with the measured PL rise time of
the charged exciton, see Fig. 3(b), as if the X lifetime
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would be controlled by the trion formation time. This
behavior is simply due to the fact that the same energy
relaxation time τrelax drives both the neutral exciton PL
decay time and charged exciton PL rise time (see SI [29]
where also alternative scenarios are discussed).

In conclusion, we have shown that encapsulation of
TMD MLs with hBN does not only improve the exciton
emission/absorption linewidth by reducing the disorder-
induced broadening related to local dielectric fluctua-
tions. The hBN layers surrounding the semiconducting
monolayer also have a dramatic impact on the exciton
photon coupling through the Purcell effect. We demon-
strate that we can control the radiative recombination
time by one order of magnitude from ∼ 1 ps up to about
10 ps in full agreement with the theoretical analysis. This
opens the way to engineer the exciton-photon coupling
in these van der Waals heterostructures. An interesting
prospect would be to deposit TMD monolayers on top of
epsilon-near-zero metamaterials [55] to obtain stronger
enhancement of the exciton radiative decay rate.
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