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Abstract. We review the physical mechanisms that allow tuning of absorption and emission characteristics
in monolayer semiconductors. We use the model system of transition metal dichalcogenide mono-layers
such as MoSe2 or WSe2 due to their very efficient light-matter interaction and availability of high quality
samples. For monolayers encapsulated in hexagonal boron nitride both homogeneous and inhomogenous
contributions to the exciton optical transition linewidth can be tuned opening up pathways for tailoring the
reflectivity and absorption in van der Waals heterostructures.
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Transition metal dichalcogenides (TMDs) such as MoSe2 and WSe2 are semiconducting lay-
ered materials [1, 2]. As the layers are coupled to each other by weak van der Waals bonding, it
is possible to isolate single atomic layers by mechanical exfoliation using simple adhesive tape
and investigate their two-dimensional (2D) electronic properties [3]. The optical properties of
monolayer (ML) transition metal dichalcogenides are governed by robust excitons, electron-hole
pairs bound by the Coulomb interaction [4]. The very efficient light matter interaction in these
2D semiconductors yields high absorption at excitonic resonance [5–7] and strong coupling for
exciton–polaritons up to room temperature [8, 9]. In this paper, we review the recent results
demonstrating the control of the radiative properties of 2D excitons in TMDs by placing them
above a dielectric or a metallic mirror. While similar effects have been observed for individual lo-
calized emitters, such as atoms, ions, molecules or semiconductor quantum dots, near a mirror,
the combination of delocalized 2D excitons in TMDs and planar mirror yield spectacular results
owing to the high ratio of the radiative to non-radiative decay rates.

Let us recall that the optical response of the exciton can be discussed in the harmonic oscillator
model, see, e.g., [10, 11]. The excitonic oscillator in this simple model can be described by three
parameters: its energy E0, its spectral linewidth γ and its oscillator strength or radiative linewidth
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γrad. As a result, the amplitude reflection coefficient of the monolayer at the normal incidence of
light takes the form [10, 12, 13]1

r = iγrad/2

E0 −E − iγ/2
, (1)

with the transmission coefficient and the monolayer absorbance being, respectively

t = 1+ r, and A = 1−|r |2 −|t |2. (2)

In practice, the shape of the exciton response is a convolution between inhomogeneous
γinh and homogeneous γh contributions: for comparable contributions, the total linewidth can
be approximated by γ ≈ γh + γinh, while the shape of the resonance is a convolution of a
Lorentzian profile of linewidth γh and a Gaussian profile of linewidth γinh. On one hand, the
inhomogeneous broadening γinh results from any kind of local potential due to chemical or
structural fluctuations (for instance arising from impurities, defects, strain or local variations
of the dielectric environment [14]) that creates an ensemble of oscillators with slightly different
energies [15]. On the other hand, the homogeneous linewidth γh can be expressed as:

γh = 2ħ
T2

(3)

where T2 is the coherence time during which the exciton state keeps a fixed phase with respect
to the crystal ground state. The rate γh includes two contributions: the linewidth due to the
population decay γ1 and the linewidth due to pure dephasing processes γ∗ [16].

γh = γ1 +γ∗ = ħ
T1

+γ∗. (4)

Note that the factor 2 between Equations (3) and (4) stems from the fact that the coherence
(defined by T2) is proportional to the electric field while the population (defined by T1) is
proportional to the intensity of the electric field [17]. The exciton population decay can itself
be separated into two recombination channels: either the radiative one characterized by the
radiative decay rate γrad = ħ/τrad or the non-radiative one with γnrad = ħ/τnrad corresponding to
trapping by defects, relaxation to other exciton states, non-radiative Auger recombination, etc.,
where τrad and τnrad are the radiative and the non-radiative lifetimes of the exciton, respectively.
Note that the radiative component also defines the oscillator strength of the transition.

The pure dephasing term γ∗ corresponds to any mechanism that breaks the coherence be-
tween the exciton state and the crystal ground state. It generally includes exciton–exciton scatter-
ing, exciton–phonon scattering [18, 19], or exciton–electron (exciton–hole) scattering in a doped
sample.

These key parameters related to the damping of the exciton resonance can be distinguished
in non-linear optical measurements such as four-wave mixing and photon echo experiments
[20–25]. Thus homogeneous linewidths ranging from 0.2 meV to 3 meV have been reported for
TMD ML exciton resonances. Interestingly, such a large γh is mainly due to the high oscillator
strength of the excitons resulting in ps or sub-ps radiative lifetime τrad [26–29]. In most of the ex-
perimental studies on TMD monolayers before 2017, this homogeneous linewidth was, however,
far smaller than the inhomogeneous broadening with values measured up to tens of meV. The im-
provement of sample quality by encapsulation of MLs in hBN considerably narrowed the exciton
transitions down to 1 meV [30–32]. Thus TMD MLs are now ideal systems to reach a regime where
the homogeneous contribution becomes dominant or at least is comparable with the inhomoge-
neous part making them superior to the state-of-the-art quantum well structures and compara-
ble to the nuclear Mössbauer resonances in the X-ray range and superconducting qubits in the

1Note that the defined linewidths correspond here to the full width at half maximum that can be measured in the
optical spectra.
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Lei Ren et al. 3

Figure 1. Temperature dependence of a MoSe2 ML encapsulated into hBN showing near
unity reflection at 4 K. Due to the surrounding dielectric layers (hBN, SiO2) and the reflect-
ing SiO2/Si interface (see inset), the raw reflectance measurements (a) are affected by in-
terference effects. (b) Reflectance of the ML corrected from the interference effects which
corresponds to a fictional suspended ML. Adapted from [7] and reproduced with permis-
sion from [7]. Copyright 2018 American Physical Society.

microwave range [33–35]. This opens the way to fascinating studies of coherent optics and elec-
trodynamical effects. Note that it is challenging to reach this regime in quasi-2D semiconductors
such as GaAs quantum wells since the fluctuations of quantum well width introduce significant
inhomogeneous broadening; the solution is then to investigate thick quantum wells where the
fluctuations induce smaller inhomogenous broadening [36]. However in that case, the excitons
loose their purely 2D properties [37].

One of the first manifestations of this coherent regime was given simultaneously by Back et al.
and Scuri et al. in 2018 who demonstrated that a MoSe2 ML encapsulated into hBN could reflect
up to 85% when it is resonant with the bright exciton transition [6, 7]. The MoSe2 ML thus acts
as a nearly perfect atomically thin mirror. Figure 1b shows the measured reflectance corrected
from the interference effects due to the surrounding dielectric layers as a function of the sample
temperature (see inset of Figure 1a for a schematics of the sample). At a temperature of 4 K,
the reflectance is larger than 80% as a direct consequence of the radiatively limited linewidth,
i.e. γrad provides the main contribution to γ. Indeed, in absence of non-radiative decay and
pure dephasing processes, the backward (forward) re-emitted light constructively (destructively)
interfere with the resonant incident light so that reflectivity (transmission) reaches 100% (0%):
It follows from (1) that in the optimal case of γ = γrad the reflectivity at the resonance E = E0 is
r =−1 and, thus, t = 0. Such atomically thin mirrors represent the ultimate miniaturization limit
of a reflective surface.

More recently, several studies have demonstrated the tuning of the radiative linewidth through
the Purcell effect [13, 38–40]. The Purcell effect describes the modification of the spontaneous
emission rate (i.e. of the radiative lifetime or linewidth) of a transition by the control of the density
of electromagnetic modes in the environment. When a dipole is weakly coupled to a cavity mode,
its emission rate is enhanced (reduced) if the transition is resonant (non-resonant) with the cavity
modes [41–43].

One of the most direct demonstrations of the Purcell effect in TMD MLs was given by Fang et
al. [13]. In this work, the authors considered a simple cavity-like structure composed of a MoSe2

ML encapsulated in hBN top and bottom layers and deposited on a SiO2/Si substrate (Figure 2a).
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4 Lei Ren et al.

Figure 2. (a) Sketch of the van der Waals heterostructure used to observe the Purcell effect
in [13]: a MoSe2 ML is encapsulated between hBN layers with varying bottom hBN thick-
ness. (b) Calculated (full line) and measured (symbols) neutral exciton radiative lifetime as
a function of the hBN bottom layer thickness. The red dashed curve is the calculated in-
tensity of the electromagnetic field in the ML. (c) Normalized cw PL intensity of the neutral
exciton when the ML is located at the node and at the antinode of the optical field clearly
showing different linewidths. Reproduced with permission from [13]. Copyright 2019 Amer-
ican Physical Society.

The SiO2/Si interface plays the role of a partially reflective mirror. In this case the effective density
of photon modes is simply tuned by varying the thickness of hBN layers (i.e. the distance between
the ML and the SiO2/Si interface). In other words, the electromagnetic field at the monolayer is
enhanced by a factor 1+rb with rb being the reflection coefficient of the composite hBN/SiO2/Si
substrate. As a result [13],

C. R. Physique — Online first, 11th June 2021
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γrad → γrad(1+ℜ{rb}), (5)

with the Purcell factor Fp = 1+ℜ{rb} that can be larger or smaller than unity depending on the sign
of ℜ{rb}. Using time-resolved photoluminescence spectroscopy, the authors measured a varia-
tion of the radiative lifetime of excitons by one order of magnitude (∼1 ps to 10 ps), as shown
in Figure 2b. The measured dependence is in very good agreement with the recombination rate
calculated in the weak exciton–photon coupling regime: the red dashed curve displays the cal-
culated intensity of the electromagnetic field at the position of the monolayer in the structure.
When the ML is located at the antinode of the cavity mode, the radiative lifetime can be short-
ened by a factor up to two, as compared to the radiative lifetime of the exciton without the cavity
(i.e. when the ML is embedded in infinitely thick hBN layers); this factor 2 is reached if we con-
sider a perfectly reflective mirror instead of the SiO2/Si interface, see Equation (5). In the oppo-
site case, when the ML is located at the node of the optical field, significantly longer radiative life-
times can be reached (this is the main effect observed in Figure 2b). Note that longer radiative life-
times obtained in such conditions should facilitate the investigation of exciton–exciton interac-
tion, Bose–Einstein condensates, optomechanical phenomena, etc. . . Nevertheless, as shown in
Equation (4) an upper limit of the measurable exciton decay time T1 is given by the non radiative
lifetime τnrad. Among the non-radiative channels, relaxation to dark states are expected to play a
major role. The choice of a TMD material with a ground bright state such as MoSe2 is thus crucial.

Note that the Purcell effect can also be observed in the spectral domain. In Figure 2c, the
modification of the total PL linewidth from 1.1 meV to 2.2 meV is clearly evidenced when the
ML is placed respectively at the node and antinode of the optical field. This modification of
the luminescence spectral width, due to the engineering of the exciton–photon weak coupling,
was never observed in a semiconductor before to the best of our knowledge. Nevertheless the
observed variation of amplitude of the linewidth is less than the measured variation of the
lifetime because the lower limit of the linewidth is again given by the remaining inhomogeneous
contributions (∼1 meV). From an optoelectronic point of view, the tuning of the radiative lifetime
through the Purcell effect can have a direct consequence on the luminescence efficiency of
the TMD monolayers if the non-radiative lifetime due to defects lies in the tuning range of the
radiative lifetime.

Another remarkable consequence of the electrodynamical effects in these 2D semiconductors
is the possibility to tune the absorbance.2 For an individual monolayer the absorbance follows
from Equations (1) and (2) as [10]

A = 2γrad(γ−γrad)

4δ2 +γ2 . (6)

Here δ= E −E0 is the detuning between the light frequency and the exciton resonance frequency,
γ′ = γ−γrad characterizes the non-radiative losses in the system. The maximal value of A reaches
1/2, i.e. 50% absorbance, and can be realized at the resonance conditions E = E0 and γrad = γ/2.
In this case radiative, γrad, and other losses, γ′, are balanced.

In van der Waals heterostructures the absorption can be made higher than that for an iso-
lated ML, Equation (6), provided that destructive interferences can be arranged between the re-
flected/transmitted waves through the ML and the waves reflected from other interfaces in the
heterostructure. To illustrate the effect let us consider the 2D TMD placed on the top of the re-
flective substrate with |rb | = 1 and tb = 0. The transmission coefficient of such a structure is 0,

2The dimensionless quantity A in (2) describes the fraction of incident energy absorbed by the 2D semiconductor,
it is sometimes called the absorption coefficient. It should not be confused with the absorption coefficient α or inverse
absorption length in Bouguer’s law for the light propagation in bulk media.
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Figure 3. (a, d, g) Sketches of the samples used to demonstrate in-situ tuning of the
radiative linewidth and of the absorption coefficient. (b, e, h) Corresponding variations of
the radiative linewidth. (c, f, i) Corresponding vatiations of the reflectance. Adapted from
[38, 39, 44]. In [39], the optical cavity mode is tuned by moving a Au mirror mounted on a
mechanical actuator (a). (b, c) Measured linewidth and minimum reflectance as a function
of the Au mirror position. The variation of the linewidth is due to the tuning of the radiative
component γr while the non-radiative part γnr is constant. In [38], the ML is suspended
above a Au mirror and its position is electrostatically controlled through the deformation
of the membrane (d). (e, f) Measured linewidths and reflectance spectra as a function of
the bias applied to the membrane. In [44], the device is very similar to (a) except that the
tunable mirror is a DBR structure. (h, i) Measured linewidth and reflectance contrast as a
function of the mirror distance. (a, b, c) Reproduced with permission from [39]. Copyright
2020 American Physical Society. (d, e, f) Reproduced with permission from [38]. Copyright
2020 American Physical Society. (g, h, i) Reprinted with permission from [44]. Copyright The
Optical Society.

while the total reflectivity with accounts for the multiple reflections of light between the ML and
the substrate reads [13]

rtot = eiφ[2δ+ i(γ′−γrad)]− iγrad

2δ+ i[γ′+γrad(1+eiφ)]
. (7)

Here φ is the phase of the substrate reflection coefficient rb = exp(iφ), which can be controlled,
e.g., by the distance between the ML and the substrate. Remarkably, the absorbance A = 1−|rtot|2
can reach 100% under the condition that the reflectivity vanishes. The latter situation can be
realized at

E = E0 + γrad sinφ

2
, (8a)

cosφ= γ′−γrad

γrad
. (8b)
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Figure 4. (a) Temperature dependence of the absorption of the neutral exciton in a WS2

ML encapsulated in hBN and deposited on a gold mirror (adapted from [47]). The peak
absorption is maximal at 110 K when both radiative and non-radiative linewidths are
equal. (b, c) Temperature and laser power dependence of the absorption and linewidth of a
MoSe2 ML encapsulted in hBN and deposited on a DBR mirror (adapted from [40]). The
peak absorption is maximal when both radiative Γrad and non-radiative Γsca linewidths
are equal. (a) Reprinted with permission from [47]. Copyright 2020 American Chemical
Society. (b, c) Reproduced with permission from [40]. Copyright 2020 American Physical
Society.

The simultaneous fulfilment of the two conditions (8) implies also |γ′−γrad| É γrad and requires,
in general, both tuning of the linewidths of the exciton resonance and the distance between the
monolayer and a mirror.

This regime of nearly perfect absorption has been demonstrated by several groups using dif-
ferent strategies to tune the radiative linewidth (Purcell effect) with respect to the non-radiative
component [38–40]. In these three studies, the cavity modes were tuned in-situ either by using
a mirror placed on a nanopositionner (Figures 3a and g) or by electrostatically moving the ML
membrane on top of the mirror (Figure 3d). Using such a device, Rogers et al. [39] demonstrated
a tuning of the radiative linewidth extracted from the modelling of the measured reflectivity spec-
tra, from 1.8 meV to nearly zero (inhibition of the radiative rate) and of the absorption from zero
to nearly unity (Figures 3b and c). Very similar results were obtained by Zhou et al. [38] with a
tuning of the radiative linewidth between 1.6 meV and 0.19 meV (Figures 3e and f) while Horng
et al. [40] measured a variation of the total linewidth from 2 to 5.5 meV and of the absorption
from 4% to 99% (Figures 3h and i). Remarkably, a variation of the excitonic transition energy by 1
meV was observed that can be interpreted as a consequence of a cooperative Lamb shift [39, 40],
evidenced previously with optical techniques in cold atoms or ions [45,46]; it is well described by
Equation (8a) in our model.

Absorption and emission properties can also be modified by tuning the non-radiative
linewidth or the dephasing rate. To do so, one experimentally simple approach is to change the
sample temperature. In Figure 4a, a maximum absorption as high as 92% is measured in a hBN-
encapsulated WS2 ML deposited on a gold mirror when the temperature is increased to 110 K.
Note that the temperature at which maximum absorption is observed can be tuned using the Pur-
cell effect (i.e. tuning γrad). Similar results were obtained by Horng et al. for a hBN-encapsulated
MoSe2 ML deposited on a Bragg mirror. By tuning the temperature or the laser power, the authors
can change both non-radiative and dephasing rates (through exciton phonon or exciton–exciton
scattering) and reach absorption as high as 99.6%, Figures 4b and c.

C. R. Physique — Online first, 11th June 2021



8 Lei Ren et al.

There are several interesting research prospects for the future. First, it has been predicted
recently that engineering the dielectric environment also allows to control the exciton valley
dynamics [48]. This would be a first direct engineering of the exciton exchange interactions
for reducing the spin/valley depolarization mechanism. Second, there are other approaches
in photonics to change locally the optical field experienced by the monolayer. For instance
TMDs can be coupled to plasmonic or dielectric nanoresonators to achieve this effect [49–51].
The material challenge in that case is to maintain high sample quality, so that homogenous
and inhomogenous contributions to the linewidth can be distinguished. Also, interpreting only
time-resolved experiments is challenging due to the complex interplay of intrinsic radiative
recombination mechanisms with fast non-radiative channels requiring an analysis based on the
comparison between the temporal dynamics and spectral properties of the excitons.
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