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ABSTRACT: Embodying bosonic and interactive characteristics
in two-dimensional space, excitons in transition metal dichalcoge-
nides (TMDCs) have garnered considerable attention. The
utilization of the strong-correlation effects, long-range transport,
and valley-dependent properties requires customizing exciton decay
dynamics. Vacuum-field manipulation allows radiative decay
engineering without disturbing intrinsic material properties.
However, conventional flat mirrors cannot customize the radiative
decay landscape in TMDC’s plane or support vacuum-field
interference with desired spectrum and polarization properties.
Here, we present a meta-mirror platform resolving the issues with
more optical degrees of freedom. For neutral excitons of the monolayer MoSe2, the optical layout formed by meta-mirrors
manipulated the radiative decay rate in space by 2 orders of magnitude and revealed the statistical correlation between emission
intensity and spectral line width. Moreover, the anisotropic meta-mirror demonstrated polarization-dependent radiative decay
control. Our platform would be promising to tailor two-dimensional distributions of lifetime, density, diffusion, and polarization of
TMDC excitons in advanced opto-excitonic applications.
KEYWORDS: excitons, transition metal dichalcogenide, radiative decay dynamics, meta-mirror, vacuum-field interference

Excitons, quasi-particles of bounded electron−hole pairs,
have appealed as a fascinating platform for quantum

many-body phenomena and optoelectronic devices with their
bosonic and interactive characteristics.1 In monolayer tran-
sition metal dichalcogenides (TMDCs), inversion/time-
reversal symmetry breaking and reduced dielectric screening
provide outstanding features for excitons, such as massive
binding energy, high quantum efficiency, and valley properties,
which opened a new era in fundamental studies and
applications of excitons.2 One significant breakthrough is the
realization of exotic strongly correlated phenomena, including
Bose−Einstein condensation,3 superfluidity,4,5 Wigner crys-
tals,6−9 and excitonic insulators.10 Outstanding excitonic/
optoelectronic applications, such as long-range exciton trans-
port devices,11−14 room-temperature excitonic transistors,15

valleytronic devices,16−18 bright single-photon sources,19,20 and
excitonic lasers,21,22 have also been demonstrated. The key to
their success lies in the lifetime engineering of two-dimensional
excitons, which should be tuned from picosecond20,23 (for
conventional optoelectronics) to sub-microsecond13,24 (for
strongly correlated systems and advanced excitonics) time
scales.

Lifetime engineering of two-dimensional excitons has been
intensively investigated using various approaches. In terms of

materials, the engineering of exciton decay dynamics by an
order of magnitude has typically been realized by strain,25,26

defect implantation,27 and electrostatic biasing.24,28,29 How-
ever, these methods are accompanied by undesired outcomes,
such as changes in the exciton binding energy and electronic
band gap, formation of exciton complexes, and stimulation of
nonradiative decay channels. Meanwhile, optical methods
engineering the vacuum field by the Purcell effects have been
recently proposed to manipulate the radiative decay dynamics
of excitons in a purely environmental manner without affecting
their inherent properties. Planar metallic mirrors and dielectric
distributed Bragg reflectors (DBRs) have attracted much
attention in boosting and controlling light−matter interactions
at the weak-30−33 and strong-coupling regimes34−36 while
maintaining the two-dimensional characteristics and degrees of
freedom of TMDC excitons. However, the conventional planar
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mirrors cannot provide the necessary functionalities in
excitonic devices, such as spatial customization of the decay
dynamics over the horizontal TMDC plane and independent
control of the optical excitation and radiative decay of excitons.
Such planar mirrors, which work depending on their distances
from target emitters, cannot produce an inhomogeneous
distribution of suppressed or enhanced vacuum fields within
a single two-dimensional plane. Meanwhile, plasmonic
nanostructures and metasurfaces have also been utilized for
engineering the radiative decay dynamics of TMDC excitons
but primarily focused on giant Purcell enhancement through
strong field confinement37,38 and featuring optical properties
such as polarization, chirality, and orbital angular momen-
tum.39−42 However, unlike optoelectronic applications, the
demonstration of quantum many-body phenomena and
exciton diffusion/transport devices rather requires suppression
of the radiative decay rate for long-lived excitons.3−15

Here we present optical customization of decay dynamics of
two-dimensional excitons by assemblable, versatile plasmonic
meta-mirrors. The meta-mirrors tailor the local distribution

and spectral/polarization properties of the optical vacuum field
in the plane of the employed TMDC material, depending on
their geometry and arrangement.43 Owing to the sub-
wavelength-scale size and periodicity of its meta-atoms, the
meta-mirror enables us to precisely shape the two-dimensional
landscape of the decay rate and density of the TMDC excitons
with respect to their micrometer-scale diffusion length. In the
experiments, our meta-mirror platform was seamlessly
integrated with the MoSe2 monolayer without affecting the
intrinsic properties of the excitons and manipulated the
radiative decay rate of the neutral excitons spatially by 2
orders of magnitude. We were thus able to systematically
identify the correlation between the photoluminescence (PL)
intensity and spectral line width of the MoSe2 monolayer’s
neutral excitons. Accordingly, we observed the Lamb shift in
cooperation with the optical vacuum field. In addition, we
demonstrated the polarization-dependent customization of the
radiative decay dynamics of excitons using the anisotropic
meta-mirror, which is a representative example of the abilities

Figure 1. Engineering the vacuum-field interference and exciton decay dynamics by the meta-mirror platform. (a, b) Schematic illustration and
mechanism of the radiative decay control of excitons in the meta-mirror platform. By controlling the vacuum field in the plane of the TMDC layer,
the meta-mirror customizes the two-dimensional landscape of the radiative decay and density of excitons. We present two representative meta-
mirrors, MM1 and MM2, that support the same reflection phases (ϕr1 = ϕr2) at the pumping frequency but different reflection phases (ϕr1 ≠ ϕr2)
at the PL emission frequency. When the reflection amplitude is the same, the pumping condition is identical, but the Purcell effect on the radiative
decay of PL emission is considerably different. (c) Optical microscope image of the MoSe2 monolayer (green solid polygon) on the meta-mirrors
(white rectangles). The red solid line is a part of the boundary of the encapsulating hBN flake. Scale bar: 20 μm. (d) Measured distribution of the
reflection amplitude |r| and the relative reflection phase Δϕr of the meta-mirrors at the pumping (ℏω = 2.33 eV) and emission (1.63 eV) frequency.
Scale bar: 10 μm. (e) Reflection amplitude and relative reflection phase averaged over the area of each meta-mirror A, B, and C for the pumping
and PL emission frequencies. The error bars indicate the standard deviations of the reflection amplitude and relative phase measured over each
meta-mirror area.

Nano Letters pubs.acs.org/NanoLett Letter

https://doi.org/10.1021/acs.nanolett.2c04604
Nano Lett. XXXX, XXX, XXX−XXX

B

https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04604?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04604?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04604?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.nanolett.2c04604?fig=fig1&ref=pdf
pubs.acs.org/NanoLett?ref=pdf
https://doi.org/10.1021/acs.nanolett.2c04604?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


of meta-surfaces and meta-materials to dress TMDC excitonic
devices with sophisticated optical functionalities.39−45

The meta-mirror consists of a Au bottom mirror, an SiO2
spacer, a Au nanodisk array, a spin-coated hydrogen
silsesquioxane (HSQ) superstrate, and a hexagonal boron
nitride (hBN) layer (Figure 1a). TMDC materials are located
on top of the hBN layer of the meta-mirror and might be
covered by another thin hBN layer (Supporting Information
Section S1). Depending on the radius and period of the Au
nanodisks, the plasmonic meta-mirror reflects the incident light

with different phases at the pumping and exciton emission
frequencies (Supporting Information Section S2). We designed
the meta-mirrors to engineer the Purcell effects on the plane of
the MoSe2 monolayer based on the coherent optical feedback
model.30−33 We optimized the thickness of the SiO2 spacer to
determine the combination of the radius and period of the Au
nanodisks, which supports an identical reflection amplitude at
a given frequency of light. The reflection phase (ϕr) and
amplitude (|r|) of the light determine the vacuum-field
interference in the plane of interest along the vertical direction,

Figure 2. Manipulation of radiative decay dynamics of neutral excitons. (a, b) PL intensity distribution of neutral excitons of the hBN-encapsulated
MoSe2 monolayer on the Si/SiO2 substrate (pristine) and the meta-mirrors. The green and white outlines indicate the region of the MoSe2
monolayer and the meta-mirrors, respectively. Scale bar: 10 μm. (c, d) Scatter plots of the intensity (IPL) and line width (γtot) of the neutral exciton
PL spectrum on (c) the Si/SiO2 substrate and (d) meta-mirrors A, B, and C. The representative neutral exciton PL spectrum of the pristine MoSe2
monolayer is shown in the inset of (c). S(ω) represents the normalized spectral density. (e) Representative PL emission spectra of the neutral
exciton engineered by the meta-mirror A, B, and C (the red, green, and blue solid lines, respectively). The fitted Lorentzian curves are depicted
with the solid gray lines. (f) Results of the model analysis on the total decay rate (γtot) depending on the relative reflection phase shift (Δϕr). By
employing the coherent optical feedback model, we calculated γtot for different internal quantum efficiencies (ηint). The model with ηint = 0.51 yields
the best fit (the solid orange line) to the experimental measurements (the black squares and error bars).
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including the top surface of the meta-mirror. The stronger the
vacuum field, the faster will be the radiative decay, and the
lower will be the density of excitons. By arranging different
meta-mirrors, we can yield two-dimensional lithography of the
exciton density. A schematic illustration of two representative
meta-mirrors (MM1 and MM2) that operate identically for
pumping but distinctly for emission is depicted in Figure 1b. At
the pumping frequency, MM1 and MM2 possess the same
reflection amplitude and phase (ϕr1 = ϕr2) and support
identical interference between the incident and reflected light.
At the emission frequency, MM1 and MM2 reflect the incident
light with the same amplitude but different phases (ϕr1 ≠ ϕr2).
Depending on the reflection phase, the vacuum-field
interference at the PL emission frequency can be controlled
between constructive and destructive conditions.

For the experiment, we prepared three different plasmonic
meta-mirrors (A, B, and C) to demonstrate optical custom-
ization of the radiative decay dynamics of excitons (Figure 1c
and Supporting Information Section S3). The spin-coated
HSQ superstrate gets rid of the surface fluctuation from the Au
nanodisk array and minimized the local strain effects on the
employed two-dimensional material (Supporting Information
Section S4). We targeted the neutral excitons of the monolayer
MoSe2, of which the photoluminescence (PL) emission
frequency was 1.63 eV, and the pumping frequency was 2.33
eV. The reflection amplitude and phase of the meta-mirrors
were examined by off-axis holography (Figure 1d and
Supporting Information Section S1). Here, we measured the
reflection phase shift (Δϕr) of the meta-mirror relative to that
of the region without Au nanodisks. At the pumping frequency,
the three meta-mirrors demonstrated approximately the same
reflection amplitude and reflection phase, ensuring identical
exciton excitations. However, at the PL emission frequency,
the reflection phase exhibits a stepwise change among the
different meta-mirrors while maintaining the reflection
amplitude proximate to unity. Notably, the higher the
reflection amplitude, the higher will be the visibility of the
vacuum-field interference, and the higher will be the dynamic
range in the radiative decay engineering (Supporting
Information Section S5). The reflection amplitude and relative
phase averaged over the area of each meta-mirror are plotted in
Figure 1e. The reflection amplitudes of the meta-mirrors A, B,
and C at the PL emission frequency were measured to be 0.89,
0.96, and 0.99, respectively. The relative reflection phase at the
PL emission frequency changes by 69.47°, from 29.49° to
98.96°. The standard deviation of the measured reflection
amplitude and relative phase serves as an indicator of the
spatial uniformity of the meta-mirror’s performance. A phase
change of π is required for covering all ranges between the
constructive and destructive interference of the vacuum field.
The numerical calculations of the meta-mirror indicate that a
maximum relative phase change of 269.59° can be achieved,
depending on the radius and period of the Au nanodisks
(Supporting Information Section S2). We also examined the
performance of the finite-sized meta-mirror depending on its
size and found that finite-sized meta-mirrors with a side length
of ∼2 μm exhibit similarity in performance to the infinite meta-
mirrors (Supporting Information Section S6).

The meta-mirror enables robust control of the radiative
recombination of excitons and the two-dimensional arrange-
ment of areas featuring different properties of radiative decay.
By employing a confocal microscopy setup (Supporting
Information Section S1), we initially measured the PL intensity

(IPL) distribution of the MoSe2 monolayer’s neutral excitons
on the Si/SiO2 substrate and the three neighboring meta-
mirrors presented in Figure 1c−e. We prepared the MoSe2
monolayer flake encapsulated by the hBN layers with
thicknesses of 6 and 174 nm, of which the thicker layer is
the top layer of the meta-mirror platform. The MoSe2
monolayer, placed on an Si/SiO2 substrate, exhibits uniform
PL over its entire area (Figure 2a). However, after transfer
onto the meta-mirrors, the PL intensity varies significantly and
sharply for each meta-mirror (Figure 2b). The ratio of the
averaged PL intensities on the three different meta-mirrors (A,
B, and C) is 9.78:4.70:1.00. Considering that the employed
meta-mirrors support pumping conditions that are approx-
imately identical (Figure 1d,e), the manipulation of the
vacuum-field interference at the emission frequency dominates
the difference in the PL intensity. The three meta-mirrors
enabled the control of the vacuum field and exciton PL
emission intensity by 1 order of magnitude. In addition, the
arrangement of different meta-mirrors provides a platform to
spatially engineer light-matter interaction properties in two
dimensions as desired, beyond the limits of typical planar
mirrors.

To further reveal changes in the radiative decay dynamics of
neutral excitons via vacuum-field interference manipulation, we
statistically analyzed the intensity and line width of the PL
spectrum of the MoSe2 monolayer on the SiO2/Si substrate
(white dashed rectangle in Figure 2a) and the meta-mirrors
(white solid rectangles in Figure 2b). By fitting the measured
PL spectrum with the Lorentzian function, we have precisely
determined the spectral line width, which corresponds to the
total decay rate (γtot) of excitons. As plotted in Figure 2c, the
pristine MoSe2 monolayer on the SiO2/Si substrate exhibits an
ordinary statistical distribution in which the line width is 1.58
± 0.21 meV. The center frequency of the neutral exciton
emission of the pristine MoSe2 monolayer is 1.645 eV (the
inset of Figure 2c). However, the statistics of the PL spectra on
the meta-mirrors indicate a high correlation between the PL
intensity and line width, as demonstrated in Figure 2d. The
meta-mirrors A, B, and C result in distinct line widths of 2.24,
1.53, and 1.28 meV in median, respectively, which reflect the
change in the exciton lifetime owing to the manipulation of the
vacuum-field interference. We expect that our meta-mirrors
can cater to different needs, depending on the research
purpose; for example, optical exciton reading/writing with
meta-mirror A, long-range exciton transport with meta-mirror
C, or even a lateral combination of both in a two-dimensional
space. Moreover, the standard deviations of the PL line widths
measured on the meta-mirror A, B, and C are 0.25, 0.22, and
0.27 meV, respectively, and their values normalized to the
averaged line widths are 10.88%, 13.82%, and 19.61%.
Considering that the normalized standard deviation of the
PL line width of the pristine MoSe2 monolayer on the SiO2/Si
substrate was 13.15%, the meta-mirrors seamlessly preserved
the inherent properties of the two-dimensional material. It has
been known that undesired creations of material factors such as
detects, strain, deformations, and electrostatic doping can
affect the decay channels of excitons locally and increase spatial
inhomogeneity in the PL intensity and line shape.25,29,46 Figure
2e shows the representative PL spectra of neutral excitons
engineered by the meta-mirrors A, B, and C. We expect that
the slight emission frequency change of ∼3.7 meV originated
from the cooperative Lamb shift31 owing to the coherent
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interaction between the vacuum-field fluctuations and excitons
(Supporting Information Section S7).

The measured PL statistics can be theoretically modeled by
considering coherent optical feedback.30−33 The reflection
amplitude and phase pickup by the meta-mirror control the
local density of optical states and the Purcell factor (FP) at the
MoSe2 monolayer, leading to the total decay rate of excitons
being expressed as γtot = γnrad + FPγrad,0 = γtot,0[1 + ηint|r|cos
(ϕr)], where ηint represent the internal quantum efficiency of
radiative recombination (Supporting Information Section S5).
The internal quantum efficiency relates the intrinsic total and
radiative decay rates, γtot,0 and γrad,0, respectively, of the
monolayer MoSe2 as γrad,0 = ηintγtot,0. Figure 2f depicts the
theoretical and experimental results for the total decay rate as a
function of the measured relative reflection phase. The model
analysis of the measured total decay rates extracted the internal
quantum efficiency and nonradiative decay rate (γnrad) of
MoSe2 monolayer’s excitons to be 0.51 and 1.27 meV in
median, respectively. The extracted nonradiative decay rate
explains the correlation between the PL intensity and line
width following IPL ∝ γrad/γtot = (γtot − γnrad)/γtot (the black

solid curve in Figure 2d). Considering the extracted non-
radiative decay rate, meta-mirrors A, B, and C modify the
radiative decay rate, γrad = FPγrad,0, from 0.97, 0.26, and 0.01
meV. Moreover, as demonstrated by its radiative and total
decay rates, meta-mirror C suppresses the vacuum field to a
near-zero value and causes the exciton lifetime to approach the
nonradiative decay limit. The coherent feedback model also
effectively predicts the changes in the PL intensity engineered
by the meta-mirrors (Supporting Information Section S5). We
expect that the meta-mirror platform combined with high-
quality TMDC can support long-lived intralayer excitons for
long-range interactions3−9 and transport11−15 with high-quality
TMDCs.

The meta-mirror brings its polarization-dependent features
to the radiative decay dynamics of excitons in the MoSe2
monolayer. A meta-mirror consisting of anisotropic meta-
atoms manipulates the vacuum-field interference depending on
the polarization state (Figure 3a). Upon employing the Au
nanorods as meta-atoms, the exciton PL emission exhibits
different radiative decay rates for the horizontal (H) and
vertical (V) polarization states. Figure 3b shows the

Figure 3. Polarization-dependent control of exciton radiative decay dynamics. (a) Schematic illustration of the anisotropic meta-mirror for
assigning the linear-polarization dependency to the radiative decay dynamics of the TMDC excitons. (b) Plasmonic response of the Au nanorod of
the anisotropic meta-mirror. LR symbolizes the length required for the Au nanorod to support the localized plasmon resonance. Depending on the
choice of the length (q) and width (p) of the Au nanorod with respect to LR, we can independently engineer the reflection phases for the H- and V-
polarization states. ΔL represents half of the difference between p and q. (c) Distribution of the relative reflection phase of the anisotropic meta-
mirror at the pumping and emission frequency for the H- and V-polarization. Scale bar: 10 μm. (d) Measured PL emission intensity distribution of
neutral excitons on the anisotropic meta-mirror for the V- (left panel) and H- (right panel) polarization state. The yellow arrow indicates the
polarization of the pumping light. Scale bar: 10 μm. (e) Measured PL spectrum line width (left panel) and intensity (right panel) of the neutral
exciton emission depending on the polarization state.
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mechanism of polarization-dependent vacuum-field manipu-
lation using the anisotropic meta-mirror. Depending on its
length (q) and width (p), the anisotropic Au nanorod supports
localized surface plasmon resonance (LSPR) at different
frequencies for the H- and V-polarization states. The higher
the frequency of light, the longer will be the length/width for
LSPR (LR): LR of ∼20 and ∼100 nm for the pumping and PL
emission frequencies (Supporting Information Section S8).
For the pumping frequency, both p and q are sufficiently larger
than LR, and the off-resonance behavior causes a similar
reflection amplitude and phase for the H- and V-polarized
states. In contrast, for the emission frequency, the length
(width) of the Au nanorod becomes larger (shorter) than LR
by an amount ΔL: q = LR + ΔL and p = LR − ΔL. In this
configuration, the Au nanorod reflects H- and V-polarized light
with an equivalent reflectance but causes a significant
difference in their reflection phases. Moreover, the relative
phase difference can be easily tuned from the in-phase to out-
of-phase conditions by changing the width and length. The
high reflectance of the off-resonance state increases the
visibility of the vacuum-field interference. We note that the
meta-mirrors with the Al bottom mirror show a relatively high
reflection amplitude at both pumping and emission wave-
lengths, while those with the Au bottom mirror are further
optimized in the near-infrared range including the emission
wavelength (Figure S13).

We measured the birefringent reflectance of the fabricated
anisotropic meta-mirror using polarization-resolved off-axis
holography (Figure 3c). The meta-mirror consists of 71 × 35
Au nanorods with a period of 280 nm (See Supporting
Information Section S1). The length, width, and thickness of
the Au nanorods are 110, 90, and 40 nm, respectively. At the
pumping frequency, the reflection amplitude averaged over the
meta-mirror was 0.82 ± 0.051 and 0.79 ± 0.050 for the H- and
V-polarized states, respectively (Supporting Information
Section S10), and the reflection phase difference is only
∼4.09°. The measured reflection amplitude and phase
difference enable an approximately equivalent pumping
condition independent of the polarization state. At the
emission frequency, the reflection phase difference between
the H- and V-polarized states is ∼128.06°, which shows nice
consistency with the numerical calculation (Supporting
Information Section S8). The relative phase difference between
the V- and H-polarized states can be further increased up to
∼177.24° by precise optimization of the length and width of
the anisotropic Au nanorod (Figure S12).

Subsequently, using the anisotropic meta-mirror, we
demonstrated the polarization-dependent customization of
the radiative decay of the neutral exciton in the MoSe2
monolayer (Figure 3d). The polarization angle of the pumping
light is 45°. The PL intensity of the V-polarized state is
brighter than that of the H-polarized state inside the area of the
meta-mirror. However, the PL intensity does not exhibit a
notable difference outside the meta-mirror. We conducted a
statistical analysis of the line width and intensity of the
measured PL spectra depending on the polarization state, and
the results are illustrated in Figure 3e. The measured line width
is 2.70 ± 0.21 and 2.53 ± 0.26 meV for the V- and H-
polarization states, respectively. The ratio of the PL emission
intensity of the V- to H-polarization is ∼1.30. Based on the
relation between the PL intensity and exciton decay rate, we
revealed that the radiative decay rate for the H- and V-
polarization states are 0.43 and 0.60 meV, respectively

(Supporting Information Section S11). We further exper-
imentally confirmed that the same polarization-dependent
behavior of the line width/decay rate appears when the
polarization of the pump light is set to be parallel to that of the
emission light (Supporting Information Section S12).

In this study, we demonstrated a meta-mirror platform to
customize the radiative decay rate of TMDC excitons and its
two-dimensional distribution by manipulating the reflection
phase and amplitude of the vacuum field as desired. In a purely
optical manner, we controlled the radiative decay rate of the
neutral excitons of the monolayer MoSe2 by 2 orders of
magnitude, which resulted in a significant variation of the
spectral line width from 1.28 to 2.24 meV. The seamless
integration of the meta-mirror platform and TMDC material
without affecting the intrinsic properties of the excitons
enabled the experimental identification of the correlation
between the emission intensity and spectral line width and the
observation of the Lamb shift. We expect that the application
of the meta-mirror platform to time-resolved measure-
ments30,47 will further clarify the observed correlation between
the PL intensity and line width. The anisotropic meta-mirror
assigned polarization dependency to the radiative decay
dynamics of the TMDC excitons. We expect that the position-
and polarization-dependent customization of the radiative
decay dynamics of excitons in two-dimensional space will be a
promising approach for yielding exciton transport11−15,48 and
strong-correlation effects3−9 with more optical degrees of
freedom and demonstrate advanced photon−exciton trans-
ducers.49,50
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