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We demonstrate that a single layer of MoSe, encapsulated by hexagonal boron nitride can
act as an electrically switchable mirror at cryogenic temperatures, reflecting up to 85% of
incident light at the excitonic resonance. This high reflectance is a direct consequence of the
excellent coherence properties of excitons in this atomically thin semiconductor. We show
that the MoSe; monolayer exhibits power- and wavelength-dependent nonlinearities that
stem from exciton-based lattice heating in the case of continuous-wave excitation and

exciton-exciton interactions when fast, pulsed laser excitation is used.



Mirrors are ubiquitous elements of optical and optoelectronic circuits. Their miniaturization is
fundamentally limited by the optical wavelength in the case of dielectric mirrors and photonic
crystals [1] or the skin depth for metallic mirrors [2]. Recently, resonant scattering has emerged
as a method for overcoming these limitations and for controlling light at the atomic scale [3-11].
For instance, highly reflective mirrors based on individual quantum emitters have been
demonstrated by coupling them to optical cavities and nanophotonic waveguides [3-8]. Such
resonant mirrors feature unusual properties due to their extraordinary nonlinearity down to the
single-photon level [3-8]. A two-dimensional (2D) layer of emitters, such as atomic lattices or
excitons [9-11], has also been predicted to act as an efficient mirror when the incident light is
resonant with the resonance frequency of the system. Such atomically thin mirrors represent the
ultimate miniaturization limit of a reflective surface, and could enable unique applications
ranging from quantum nonlinear optics [9-11] to topological photonics [12,13].

In this Letter, we demonstrate that transition metal dichalcogenide (TMD) monolayers can
act as atomically thin, electrically switchable, resonant mirrors. These materials are direct-
bandgap semiconductors that support tightly bound excitons. Excitonic transitions in TMD
monolayers exhibit large oscillator strengths [14-16], resulting in large radiative linewidths
compared to excitons in other semiconductor systems. In addition, the excitonic response in
monolayers can be controlled electrically via gate-induced doping [17-21]. Importantly, these
monolayers can be easily integrated with other 2D materials via van der Waals stacking to
improve their quality or add new functionalities. One of the most studied amongst such
heterostructures is a TMD monolayer encapsulated by two hexagonal boron nitride (hBN) flakes:
this “passivated” monolayer exhibits enhanced carrier mobility [21,22] and reduced

photoluminescence linewidth [23-25].



Our experiments employ a device that consists of an hBN-passivated MoSe, monolayer
placed on an oxide-covered Si substrate, and we measure its reflectance with a normally incident
laser beam (Figs. 1(a) and 1(b)). The doped Si substrate is used as a gate electrode: by applying a
gate voltage (V,), MoSe, monolayers can be made intrinsic or n-doped. When a monochromatic
laser beam is tuned to the exciton resonance, we observe substantial reflection from a monolayer
device (M1) at V; <10 V at T'=4 K (Fig. 1(c)). The reflection contrast between the monolayer
region and the substrate disappears at V; > 20 V (Fig. 1(d)), indicating that the reflection can be
turned off electrically. When we illuminate another monolayer device (M2) with a
supercontinuum laser and spectrally resolve the reflection, we find that both the magnitudes and
wavelength positions of the reflectance peaks change with V, (Fig. 1(e)). We obtain the absolute
reflectance value of a TMD heterostructure by comparing its wavelength dependent reflectance
to that of a thick gold layer (assumed to be a perfect reflector for the relevant wavelength range)
or the SiO, substrate (with known frequency-dependent reflectance). When the monolayer is
intrinsic (Vg < 10 V), the reflection is dominated by a peak at the wavelength of the neutral
exciton transition. When MoSe, is n-doped (V, > 20 V), however, the reflection by the neutral
exciton disappears, and a new, weaker, reflectance peak appears at the charged exciton resonance
[17,19,21]. These observations are consistent with previous studies [17,19] that showed the

disappearance (appearance) of the neutral (charged) exciton absorption in the n-doped region.

Figure 2(a) shows temperature-dependent reflectance spectra. At 7 = 4 K, the peak
reflectance value reaches 0.8, demonstrating that the device can act as an efficient resonant
mirror. The reflectance lineshape is not Lorentzian but rather asymmetric, exhibiting both a
minimum and maximum near the neutral exciton resonance, consistent with previous differential

reflectance measurements [18,26-30]. As temperature increases, peak reflectance decreases while



the linewidth increases. The peak reflectance value varies in different samples or even within the
same monolayer at distinct spatial locations, typically ranging from ~0.5 to 0.8. Some of these
variations may stem from the intrinsic heterogeneity of the material (e.g. defects in the crystal) or
charge/strain inhomogeneity introduced during the fabrication process. We note that these
absolute reflectance values are significantly higher than those reported previously via both

absolute [31] and differential reflectance measurements of TMDs [18,26-30].

In order to gain insight into our observations in Fig. 2(a), we first consider the response of a
free-standing MoSe, monolayer to normally incident coherent light, tuned close to the exciton
resonance. Because only a single exciton resonance is relevant over the frequency range of
interest, the susceptibility of a MoSe, monolayer can be described by the Lorentzian function

[32,33]:
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where g denotes the exciton resonance (angular) frequency, d is the thickness of the
monolayer, and y; and y, and are the radiative and non-radiative decay rates of the exciton,
respectively. For simplicity, we ignored the background susceptibility of MoSe, since it only
weakly affects the reflectance [34]. In the relevant limit wod/c << 1, the reflectance of the
monolayer is given by:
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On resonance, the reflectance reaches the maximum value R(w,)=7, / 7+ V) . Hence,
reflectance is a direct measure of the radiative rate of the exciton transition, y,, relative to the

total rate y; + yn. In the absence of non-radiative (y,, = 0) and disorder-induced broadening [34],



the peak reflectance becomes unity, and the monolayer acts as a perfect mirror. This effect is
caused by destructive interference of the incident light with the optical field generated by the
excitons, resulting in suppressed transmission and enhanced reflection [11]. The reflectance may
alternatively be understood in terms of the sheet conductivity o,(w) = —iggwdy(w) [31]. On
resonance, the real part is given by Re[o((wo)] = Go/(2a)(pv/yar), Where Go = 2¢%/h is the
conductance quantum and o is the fine-structure constant. The sheet conductivity diverges as
1mr—0, leading to a large impedance mismatch between the monolayer and free space, which in
turn gives rise to high reflectance.

The presence of proximal dielectrics and other reflectors considerably modifies the optical
response. The lineshape shown in Fig. 2(a) originates from the interference between the MoSe;
and substrate reflections. In our device, the MoSe, monolayer is embedded in a dielectric stack
of hBN, SiO,, and Si that acts as a multilayer broadband reflector (inset of Fig. 2(a)). Because
the phase of the light reflected by the MoSe, monolayer varies by m across the resonance, the
interference between MoSe; reflection and substrate reflection produces an asymmetric lineshape
(Fig. 2(a)). As such, the entire hBN/MoSe,/hBN/SiO,/Si heterostructure forms an effective
cavity, confining the optical field between the resonant MoSe, mirror and a broadband reflector,
which can strongly modify the radiative decay of the excitonic system compared to its value in
free space [39]. As discussed in [34], for the present devices, the decay rate is reduced by a
factor of almost 3. This effect can be viewed as resulting from the destructive interference of the
emitted photon with itself upon reflecting off the substrate [40-42].

In addition to modifying the lineshape and radiative decay rate, the interference with the
substrate also makes the reflectance sensitive to exciton dephasing, quantified by the dephasing

rate y,. Including this effect, Equation (2) changes to [34]:
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where yrand ¥ are the total decay rate (% =7, +7,, ) and the total dephasing rate (¥ =y, +7, /2),

respectively, while y, is the pure dephasing rate.

This effect is analyzed quantitatively using a master equation approach, which also takes into
account multiple reflections between the monolayer and the substrate using a transfer matrix
method [34,36]. The results of this analysis are in excellent agreement with experimental
observations (Fig. 2(b) and Fig. S1 [34]). By fitting the experimental spectra in Fig. 2(a), we can
determine the reflectance of the MoSe, monolayer itself and extract its optical parameters,
including radiative, non-radiative decay, and dephasing rates at each temperature: this is because
the asymmetric lineshape, which contains information about both the magnitude and phase of the
MoSe, reflection, is affected differently by these rates (Fig. S1(c) in [34]). Figure 2(b) shows
deconvolved reflectance spectra of the MoSe, monolayer in M2 at various temperatures. The
peak reflectance at the exciton resonance reaches 0.85 at 4 K and remains larger than 0.8 below
~40 K (Fig. 2(c)). The total linewidth increases with increasing temperature (Fig. 2(c)). The
extracted vacuum radiative linewidth (%y;) of the MoSe, monolayer M2 is ~4.0 meV and is
almost independent of temperature (Fig. 2(d)). In contrast, both non-radiative decay and pure
dephasing have a strong temperature dependence: at 4 K, pure dephasing is less prominent than
non-radiative decay, and both are an order of magnitude smaller than the radiative linewidth.
Their contributions to the linewidth become larger than the radiative linewidth as the temperature
rises above 100 K. We note that 74y, varies from 2 to 4 meV for different monolayers, in

agreement with recent experimental studies [16,21,43,44]. This variation may result from



charge/strain inhomogeneity and difference in dielectric environments for different monolayer
samples [45].

We now turn to the behavior of our devices, at T=4K, as a function of incident laser power.
When a continuous-wave (CW) laser is used as the excitation source (Fig. 3(a)), the reflectance
of the device M2 exhibits sudden jumps and prominent hysteresis as the laser is red-detuned
from the exciton resonance. The threshold power at which the reflectance jump occurs becomes
larger as the detuning is increased further to the red of the exciton resonance (Fig. 3(a)). When
the wavelength of the CW laser beam is blue-detuned above the exciton resonance, the
reflectance does not show any hysteresis, and, for high enough power, approaches the bare hBN-
Si0,-Si reflectance. Time-resolved measurements with an electro-optic modulator show that the
reflectance jumps occur on a nanosecond timescale (Fig. S2 [34]).

We also explore power-dependent nonlinearities using pulsed excitation (6-ps full width at
half maximum). As shown in Fig. 4, the observed nonlinear response is different from that
obtained using CW excitation. First, the reflectance jumps and hysteresis completely disappear
with the picosecond laser excitation. Second, the power dependence of the asymmetric lineshape
also changes. When the wavelength of the picosecond laser is tuned to the blue side of dip (Fig.
4(a)), the M2 reflectance exhibits an initial decrease followed by a 10-fold increase with
increasing peak laser power (I,). Figure 4(b) shows a two-dimensional plot of the device
reflection as a function of incident wavelength and power, demonstrating a blueshift of the
reflectance dip. At very large I, (~1 W), the reflectance eventually converges to that of the hBN-
Si0,-Si reflectance (Fig. 4(a)).

The power-dependent reflectance nonlinearity may originate from exciton-exciton

interactions or laser-induced heating. The reflectance jumps and hysteresis observed in Fig. 3(a)



upon CW excitation occur on the time scale of a few nanoseconds [34], much longer than the
exciton lifetime. Therefore, it is unlikely for the nonlinearity to be caused by exciton-exciton
interactions. Instead, the nonlinearity can be qualitatively explained in terms of the redshift of the
exciton resonance resulting from laser-induced heating, Fig. 2(b) [34]. With increasing CW laser
power, the exciton density increases, and the non-radiative channels lead to an increase in the
monolayer temperature. When the laser wavelength is red detuned from the exciton resonance,
this temperature increase brings the exciton resonance closer to the laser wavelength (Fig. 2(b)),
giving rise to increased absorption. Such positive feedback leads to the reflectance jump
observed in Fig. 3(a). Once the resonance is moved to match the excitation wavelength, it is
locked in its energy even at weaker excitation power, leading to hysteresis. As shown in Fig.
3(b), this simple model, in combination with the temperature-induced resonance shift in Fig. 2(b)
and non-radiative rates determined in Fig. 2(d), qualitatively explains the experimental data. We
note that this model does not take into account the temperature dependence of the heat capacity
or thermal conductivity of MoSe,, which may contribute to some discrepancies with the data.
The increase in temperature estimated based on the redshift in Fig. 3(a) is consistent with a finite
element simulation of our device temperature with the relevant parameters (Fig. S3 [34]).

The power-dependence of the reflection in the picosecond regime (Fig. 4) cannot be
explained by laser-induced heating. First, as shown in Fig. 4(b), the dip in the reflectance spectra
blueshifts as the laser power increases, in clear contrast to the temperature-induced redshift
observed in Fig. 2(a). Second, the time scale of the laser pulse (6 ps) during which this blueshift
happens is much faster than the time scale associated with the thermally-induced process in Fig.

3 (~1 ns), while the time interval between the pulses (12.5 ns) is much longer.



Instead, this ultra-fast nonlinearity is likely associated with exciton-exciton interactions.
These can give rise to a density-dependent blueshift as well as collisional broadening of the
exciton resonance [46]. We model these exciton interaction effects by introducing the density-
dependent blueshift of the exciton resonance 4(n) = an, the change in the dephasing rate dyq(n) =
bn, and the change in the non-radiative decay rate dyn(n) = cn, where n denotes the exciton
density [34]. By fitting this model to experimental data, we extract the three parameters related
to exciton interactions: Aa = 9.6x10™" meV-cm?, fib = 9.4x107"3 meV-cm?, and fic = 4.0x10"
meV-cm”. These values indicate that an energy shift equal to the radiative linewidth occurs when
excitons are separated by ~8 nm. The results of this analysis, displayed in Fig. 4(c), are in good
agreement with experimental observations. The observed shifts are consistent with the theoretical
estimates for exchange interactions, dinoery ~ EgR* ~ 5%107'2 meV-cm? [47,48], where Eg~ 500
meV is the exciton binding energy and R (~1 nm) denotes the exciton Bohr radius. Detailed
understanding of the observed nonlinearities, including the interplay between shifts and

dephasing requires additional theoretical and experimental studies.

In summary, our observations demonstrate the remarkable optical quality of hBN-passivated
MoSe, monolayers, as indicated by the radiative decay rate being more than 20 times larger than
the non-radiative and pure dephasing decay rates (Fig. 2(d)). This is in clear contrast to excitons
in other solid-state systems. For instance, for excitons in high-quality GaAs quantum wells, non-
radiative linewidths [49] and disorder-induced inhomogeneous broadening are typically much

larger than radiative linewidths [50], preventing efficient reflection.

Our observations open up intriguing prospects for exploring novel phenomena and device
applications based on TMD excitons. Such applications may include engineering of robust, long-

lived optical edge states using periodically modulated Moiré heterostructures in an external



magnetic field [12,13], controlling the emission patterns of localized sources using atomically
thin metasurfaces [10] and realization of quantum nonlinear optical systems featuring broadband
optical squeezing [11] or strong interaction between photons [10]. Finally, engineering of the
exciton optical response using broad-band reflectors (Fig. 2(a)) or other properly designed
photonic systems can be explored to further enhance nonlinearities [34]. Technologically,
atomically thin mirrors have intriguing potential. The electrical tunability can enable its use as a
reconfigurable component in optical and optoelectronic systems including modulators, active
cavities and metasurfaces. Strong, fast, intrinsic and engineered nonlinearities make these
systems excellent candidates for realizing optoelectronic devices with possible applications in

classical and quantum information processing.
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FIG. 1. Electrically switchable, atomically thin mirror. (a) Schematic of the experimental
setup. A MoSe, monolayer encapsulated between two hBN layers is placed on SiO, (285 nm)/Si
substrates. Platinum (Pt) electrodes are used to contact the MoSe, monolayer, while Si is used as
back gate. The incident light resonant with the exciton transitions in MoSe, can be strongly
reflected. The free carrier density in MoSe; can be tuned with a gate voltage applied to the Si

back gate. (b) Optical image of a monolayer MoSe, device M1. The dashed white and blue lines
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show the outline of MoSe, and a Pt contact, respectively. (c) and (d) Reflection images of M1
under 750-nm resonant laser illumination with a gate voltage of (¢) =-20 V and (d) 30 Vat 7T=4
K. The fully encapsulated MoSe; region shows substantial reflection, while the part that is not
fully encapsulated is not as reflective. (e) Reflection spectra of another monolayer MoSe, device
M2 as a function of gate bias at 4 K. Reflection due to charged excitons can be observed in the
electron-doped regime. To obtain absolute reflectance, we normalize the reflected intensity using

the measured reflectance of the bare substrate and metal electrodes.
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FIG. 2. Temperature-dependent reflectance spectra of a MoSe; monolayer. (a) Temperature

dependent reflection spectra of the monolayer MoSe, device M2. The line colors correspond to

different temperatures listed in (b). (b) Reflectance spectra of the MoSe, monolayer as a function

of temperature obtained from the fit. Inset: schematic of interference between the reflection from

the MoSe, monolayer and the reflection of the BN/SiO2/Si substrate (c) Temperature

dependence of peak reflectance and total linewidth of the MoSe, monolayer in M2. (d)

Radiative, non-radiative and pure dephasing linewidths of the same monolayer as a function of

temperature.
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FIG. 3. Nonlinearity of the reflection from a MoSe; monolayer at T=4K under continuous-
wave (CW) resonant excitation. (a) Reflectance of the monolayer MoSe, device M2 as a
function of the CW laser power (/,) at different detuning wavelengths, as indicated in the inset.
(b) Nonlinear reflectance predicted by the thermal model [34] at different detuning wavelengths.
Inset: schematic of the optical bistability with red detuning. Here, n; and /; denote the photon

density and the incident laser peak power when the energy shift of the exciton transition is equal

to the radiative linewidth.
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FIG. 4. Nonlinearity of the optical response at T=4K under pulsed-laser excitation. (a)
Reflection as a function of peak power (/,) of the picosecond laser excitation (6ps full width at
half maximum), at the wavelengths indicated in the inset. (b) and (c¢) 2D plots of (b)

experimental and (c) theoretical reflectance at various excitation wavelengths as a function of

laser peak power.
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