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Abstract 
The strong excitonic effect in monolayer transition metal dichalcogenide (TMD) 
semiconductors has enabled many fascinating light-matter interaction phenomena. 
Examples include strongly coupled exciton-polaritons and nearly perfect atomic 
monolayer mirrors. The strong light-matter interaction also opens the door for dynamical 
control of mechanical motion through the exciton resonance of monolayer TMDs. Here we 
report the observation of exciton-optomechanical coupling in a suspended monolayer 
MoSe2 mechanical resonator. By moderate optical pumping near the MoSe2 exciton 
resonance, we have observed optical damping and anti-damping of mechanical vibrations 
as well as the optical spring effect. The exciton-optomechanical coupling strength is also 
gate-tunable. Our observations can be understood in a model based on photothermal 
backaction and gate-induced mirror symmetry breaking in the device structure. The 
observation of gate-tunable exciton-optomechanical coupling in a monolayer 
semiconductor may find applications in nanoelectromechanical systems (NEMS) and in 
exciton-optomechanics. 
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Atomically thin materials have attracted tremendous interests in the studies of NEMS 
devices because of their extreme lightweight, mechanical flexibility 1,2, gate-tuneability 
3, 4 ,5 and strong mechanical nonlinearity 4,5,6 , 7. They also hold great promise in many 
sensing applications 8,9,10,11. Although the mechanical aspects of NEMS devices based on 
these materials have been extensively studied in the literature 12,13, the dynamical coupling 
between mechanical vibrations and light (i.e. optomechanical coupling) remains as an open 
subject. In particular, the presence of strong excitonic resonances in monolayer TMD 
semiconductors 14,15, which strongly interact with light 16,17,18 (can reflect ~ 90 % of the 
incident light 19,20,21,22,23), presents a very interesting platform to explore optomechanical 
effects in atomically thin materials without the need of an optical cavity. Although such 
cavityless optomechanical coupling has been demonstrated in quantum well 
heterostructures 24, nanowires 25,26,27 and nanotubes 28, the unique mechanical properties 
and the extremely strong excitonic effects in monolayer TMDs can enable fundamental 
studies and applications in new regimes (for instance, regimes with simultaneously strong 
optical and mechanical nonlinearity).  
 
We demonstrate in this work gate-tunable exciton-optomechanical coupling in suspended 
monolayer MoSe2. A schematic device structure is shown in Fig. 1a. The silicon back gate 
can induce charges in the MoSe2 membrane and pull it down, which breaks the mirror 
symmetry of the mechanical device. Mechanical vibration of the membrane then creates 
an oscillating strain in the sample, which in turn produces a dynamical spectral shift in the 
exciton resonance due to the linear strain dependence of the exciton resonance energy 
29,30,31. As a result, illumination of the sample with light near the exciton resonance can 
generate a radiation force with dynamical backaction 32 , 33 , 34 , producing exciton-
optomechanical effects that we will investigate below. In the following, we will present 
results at 4 K unless otherwise specified. (See Supporting Information for details of device 
fabrications.) 
 
Figure 1b shows the sample reflection contrast spectra at varying gate voltages (𝑉𝑉𝑔𝑔 = 0 −
40 V). (Results on negative 𝑉𝑉𝑔𝑔  are similar.) A strong dip in the reflection contrast due to 
the neutral exciton resonance in monolayer MoSe2 is clearly observed. The sharp effective 
exciton linewidth (𝛾𝛾 ~ 5 meV) and the large on-resonance reflection contrast (~ 90 %) are 
consistent with reported results on nearly perfect monolayer mirrors 19,20. The exciton 
resonance redshifts with increasing gate voltage due to the build up of an in-plane strain in 
the sample. The nonlinear gate-induced energy shift is caused by the nonlinear dependence 
of the sample strain on 𝑉𝑉𝑔𝑔 . The theoretical gate voltage dependence of the exciton 
resonance energy 𝐸𝐸𝑋𝑋  is also plotted in Fig. 1b, which shows good agreement with 
experiment (Supporting Information).  
 
To characterize the mechanical resonance of our suspended sample, we drive the MoSe2 
membrane by a small AC gate voltage (δ𝑉𝑉𝑔𝑔 = 200 mV peak-to-peak value) superimposed 
on top of a variable DC gate voltage 𝑉𝑉𝑔𝑔 . We illuminate the sample by a laser beam with 
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wavelength (765 nm) near the exciton resonance, and detect the reflectivity change as a 
function of the driving frequency. (See Supporting Information for details of 
measurements.) Figure 1c shows the gate voltage dependence of the fundamental 
mechanical mode in a contour plot. With increasing 𝑉𝑉𝑔𝑔 , the resonance frequency first 
decreases slightly and then increases. The behavior is consistent with results reported in 
the literature 4,5. The dependence can be explained by gate modulation of the effective 
spring constant of the device as illustrated by the solid line fit (Supporting Information). 
At small 𝑉𝑉𝑔𝑔 , our mechanical resonator has high quality factor Q ~ 20,000. The quality factor 
decreases quickly with increasing 𝑉𝑉𝑔𝑔  due to increased mechanical loss, consistent with 
results in the literature 5,35.  
 
To demonstrate exciton-mechanical coupling, we investigate the spectral dependence of 
the mechanical response. To do this we vary the incident photon energy near the exciton 
resonance and keep a small incident power at 𝑃𝑃 = 1 μW in order to minimize perturbations 
on the device. Figure 2a shows the fractional change in reflectivity 𝑑𝑑𝑑𝑑

𝑅𝑅
 (peak-to-peak value) 

near the fundamental mechanical mode at varying incident photon energy (𝑉𝑉𝑔𝑔 = 40 V). The 
peak response as a function of the photon energy detuning Δ𝐸𝐸 ≡ 𝐸𝐸 − 𝐸𝐸𝑋𝑋  from the exciton 
resonance energy 𝐸𝐸𝑋𝑋  is shown in Fig. 2b. The response changes sign at the exciton 
resonance, maximizes in amplitude at a small detuning (Δ𝐸𝐸 ~ 2.2 meV), and diminishes 
with further increase in detuning. The vanishing response at the exciton resonance provides 
an accurate measure of the position of zero detuning Δ𝐸𝐸 = 0.  
 
The spectral dependence in Fig. 2b can be understood in terms of a dynamical shift in the 
exciton resonance (with peak-to-peak amplitude δ𝐸𝐸𝑋𝑋) induced by an oscillating strain in 
the membrane (illustrated in the inset). This produces a fractional change in reflectivity 
𝑑𝑑𝑑𝑑
𝑅𝑅

= 1
𝑅𝑅
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
δ𝐸𝐸𝑋𝑋  at the mechanical resonance. The quantity 1

𝑅𝑅
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑

 can be calculated from the 

measured reflection contrast spectrum in Fig. 1b. By matching the calculated 1
𝑅𝑅
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
δ𝐸𝐸𝑋𝑋  (red 

curve) to the measured 𝑑𝑑𝑑𝑑
𝑅𝑅

 (data points) in Fig. 2b and treating δ𝐸𝐸𝑋𝑋  as a variable, we can 
estimate δ𝐸𝐸𝑋𝑋 ≈ 67 μeV at 𝑉𝑉𝑔𝑔 = 40 V. By performing the same analysis at each 𝑉𝑉𝑔𝑔 , we 
obtain the gate voltage dependence of δ𝐸𝐸𝑋𝑋  in Fig. 2c (data points). The result can be 
compared to the expected 𝑉𝑉𝑔𝑔 -dependence of δ𝐸𝐸𝑋𝑋 = 𝑑𝑑𝐸𝐸𝑋𝑋

𝑑𝑑𝑉𝑉𝑔𝑔
δ𝑉𝑉𝑔𝑔  (red curve) with δ𝑉𝑉𝑔𝑔 = 200 

mV and 𝑑𝑑𝐸𝐸𝑋𝑋
𝑑𝑑𝑉𝑉𝑔𝑔

 obtained from the theoretical 𝑉𝑉𝑔𝑔 -dependence of 𝐸𝐸𝑋𝑋  in Fig. 1b. Reasonable 

agreement is seen. The discrepancy is largely due to the uncertainty in determining the 
absolute value of δ𝐸𝐸𝑋𝑋from the relation 𝑑𝑑𝑑𝑑

𝑅𝑅
= 1

𝑅𝑅
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
δ𝐸𝐸𝑋𝑋 . The result confirms the picture of 

dynamical exciton spectral shift and shows a monotonic increase in the exciton-mechanical 
coupling strength ∝ 𝑑𝑑𝐸𝐸𝑋𝑋

𝑑𝑑𝑉𝑉𝑔𝑔
 with 𝑉𝑉𝑔𝑔 . (The dynamical exciton spectral shift also provides an 

effective method to detect thermal vibrations at cryogenic temperatures as shown in 
Supplementary Fig. S1.) 
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Equipped with a basic understanding on the exciton-mechanical coupling in our device, we 
now proceed to examine effects due to dynamical backaction. Figure 3a shows the optically 
detected fundamental mechanical mode at varying incident photon energy (𝑉𝑉𝑔𝑔 = 40 V). 
Compared to Fig. 2a, the incident power is increased from 𝑃𝑃 = 1 μW to 𝑃𝑃 = 10 μW in 
order to amplify effects from dynamical backaction (Supplementary Fig. S2). Asymmetric 
dependence on the optical detuning is seen. In particular, the mechanical resonance for 
blue-detuning is significantly broader than the red-detuned counterpart (zero detuning has 
zero response). The shift in the mechanical resonance is also asymmetric with detuning. 
These behaviors are summarized by the detuning dependences of the mechanical linewidth 
and resonance frequency (obtained by Lorentzian fitting to the mechanical resonance) in 
Fig. 3b and 3d, respectively. For large detuning from the exciton resonance, the 
fundamental mechanical mode is largely unperturbed by the incident light. Near the exciton 
resonance, however, the mechanical resonance frequency redshifts and the mechanical 
linewidth broadens with asymmetric detuning dependences.  
 
The observations can be understood in a model based on photothermal backaction and gate-
induced mirror symmetry breaking in the mechanical device. At 𝑉𝑉𝑔𝑔 = 40 V, the monolayer 
MoSe2 membrane is pulled down by the electrostatic force from the back gate, which 
breaks the out-of-plane mirror symmetry of the device (Fig. 1a). An oscillating strain due 
to the mechanical vibration produces a dynamical energy shift in the exciton resonance 
with amplitude δ𝐸𝐸𝑋𝑋 . The dynamical shift in turn periodically modulates the photothermal 
force 𝐹𝐹𝑝𝑝ℎ produced by laser illumination near the exciton resonance, whose magnitude and 
phase depend on the detuning Δ𝐸𝐸 from the exciton resonance. This results in a dynamical 
backaction on the membrane’s mechanical vibration and changes its mechanical linewidth 
Γ and resonance frequency 𝑓𝑓 according to 32,33,34 
 

Γ ≈ Γ0 �1 + 𝑄𝑄 Ω0𝜏𝜏
1+Ω02𝜏𝜏2

�∇𝐹𝐹𝑝𝑝ℎ�𝑎𝑎𝑎𝑎
4𝜋𝜋𝜋𝜋

�,     

𝑓𝑓 ≈ 𝑓𝑓0 �1 −
1

1+Ω02𝜏𝜏2
�∇𝐹𝐹𝑝𝑝ℎ�𝑎𝑎𝑎𝑎
8𝜋𝜋𝜋𝜋

�.          (1) 

 
Here Γ0 and 𝑓𝑓0 are the unperturbed mechanical linewidth and resonance frequency (Ω0 ≡
2𝜋𝜋𝑓𝑓0 ), respectively, 𝜏𝜏  is the time delay for the photothermal force to respond to the 
membrane’s displacement, and 𝜎𝜎 is the unperturbed stress of the membrane, which is 
directly proportional to the spring constant. Only the anti-symmetric part (in detuning) of 
the photothermal force gradient �∇𝐹𝐹𝑝𝑝ℎ�𝑎𝑎𝑎𝑎  associated with a time delay 𝜏𝜏 contributes to 
dynamical backaction 32,33,34. The result is (Supporting Information) 
 

�∇𝐹𝐹𝑝𝑝ℎ�𝑎𝑎𝑎𝑎
4𝜋𝜋𝜋𝜋

= 𝛼𝛼𝛼𝛼 (Δ𝐸𝐸)
[(Δ𝐸𝐸)2+(𝛾𝛾/2)2]2

∙ ∆𝐸𝐸𝑋𝑋 .                      (2) 
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Here the pre-factor 𝛼𝛼  depends on material parameters of MoSe2 such as the Young’s 
modulus, the thermal expansion coefficient and the thermal conductivity etc. The result is 
linearly proportional to both the incident power 𝑃𝑃  and the DC gate-induced exciton 
resonance energy shift ∆𝐸𝐸𝑋𝑋  (Fig. 1b), and has antisymmetric dependence on the detuning 
Δ𝐸𝐸. (The linear power dependence is shown in Supplementary Fig. S3.) 
 
In addition to the dynamical backaction contribution, there is also a contribution from 
photothermal softening of the mechanical spring constant �∇𝐹𝐹𝑝𝑝ℎ�𝑠𝑠 ∝

𝑃𝑃
(Δ𝐸𝐸)2+(𝛾𝛾/2)2

 

(Supporting Information). Since this contribution is originated from optical absorption near 
the exciton resonance, it shows symmetric dependence on the detuning Δ𝐸𝐸  and is 
independent of ∆𝐸𝐸𝑋𝑋 . The results in Fig. 3b and 3d can be well described by including the 
two contributions and treating the overall amplitude and the effective exciton linewidth 𝛾𝛾 
as fitting parameters. We have also subtracted the photothermal softening contribution 
from the results in Fig. 3b and 3d, and isolated the antisymmetric contribution in Fig. 3c 
and 3e. Clear optical spring effect as well optical damping and antidamping arising from 
dynamical backaction are observed. 
 
The observed dynamical backaction originated from exciton-optomechanical coupling is 
similar to that in cavity optomechanics 33,34. In cavity optomechanics, the mechanical 
vibrations of the end mirror of an optical cavity dynamically change the cavity resonance 
frequency, which in turn periodically modulates the intracavity optical field and the 
radiation pressure on the mirror with a time delay 𝜏𝜏 given by the photon storage time of the 
cavity. The delayed radiation pressure creates a dynamical backaction on the mirror’s 
mechanical vibrations, and produces the well-known optical spring effect and optical 
damping 33,34. In our case the MoSe2 membrane replaces the mirror, the exciton resonance 
replaces the cavity resonance, and the photothermal force replaces the radiation pressure 
(which limits the application of the device on quantum state control and quantum 
information science in general). The photon storage time now becomes the thermal 
diffusion time of the suspended MoSe2. Moreover, because the exciton resonance redshifts 
( ∆𝐸𝐸𝑋𝑋 < 0 ) with increasing strain (i.e. increasing downward displacement 𝑧𝑧  of the 
membrane), the sign of the detuning dependences in Fig. 3c and 3e is opposite to that in 
cavity optomechanics 33,34. In particular, red-detuning (blue-detuning) causes antidamping 
(damping) and blueshift (redshift) on the mechanical resonance (Supporting Information).  
 
Finally, to test the dependence of �∇𝐹𝐹𝑝𝑝ℎ�𝑎𝑎𝑎𝑎 on ∆𝐸𝐸𝑋𝑋  as predicted by Eqn. (2), we perform 
optical detuning studies (as in Fig. 3) at different gate voltages, which continuously tune 
the DC exciton resonance shift ∆𝐸𝐸𝑋𝑋  (Fig. 1b). We only focus on the mechanical linewidth 
because optical damping is much more pronounced than the optical spring effect due to the 
enhancement factor 𝑄𝑄  in Eqn. (1). Figure 4a shows the detuning dependences of the 
antisymmetric contribution of the mechanical linewidth at varying 𝑉𝑉𝑔𝑔  (the incident power 
is fixed at 𝑃𝑃 = 3.3 μW). We have subtracted the symmetric contributions from the total 
(symmetric plus antisymmetric) mechanical linewidth to obtain Fig. 4a. We can see that 
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the amplitude of the antisymmetric contribution (half of the peak-to-peak height in the 
detuning dependences) increases quickly with 𝑉𝑉𝑔𝑔  (Fig. 4b). We compare the result with the 
prediction from Eqn. (1) and (2) using the gate-induced ∆𝐸𝐸𝑋𝑋  extracted from Fig. 1b and the 
gate-dependent Ω0  and 𝑄𝑄  from Fig. 1c (Method). The agreement further supports our 
interpretation based on exciton-optomechanical backaction. The result also demonstrates 
gate-tunable exciton-optomechanical coupling strength.  
 
In conclusion, we have demonstrated dynamical light control of the mechanical motion of 
suspended monolayer MoSe2 through the material’s strong excitonic resonance. Gate-
tunable optomechanical damping and antidamping consistent with the picture of 
photothermal backaction have been observed. Further optimization of the device that 
allows larger gate-induced exciton resonance shift ∆𝐸𝐸𝑋𝑋 , which favors dynamical 
backaction, could open up applications in optomechanical cooling 36 and mechanical lasing 
37 in monolayer TMD semiconductors.  
 
The Supporting Information is available free of charge on the ACS Publications website at 
DOI: 10.1021/acs.nanolett.0c05089. 
**It details methods for device fabrication, optical measurements, gate-dependent data 
analysis, photothermal backaction modeling and supplementary figures. 
 
 
Acknowledgements  
This work was primarily supported by the Air Force Office of Scientific Research under 
Award No. FA9550-18-1-0480. The growth of MoSe2 crystals was supported by the US 
Department of Energy (DOE), Office of Science, Basic Energy Sciences (BES), under 
award number DE-SC0019481. Device fabrication was performed in part at the Cornell 
NanoScale Facility, a member of the National Nanotechnology Coordinated Infrastructure 
(NNCI), which is supported by the NSF (Grant No. NNCI-1542081). K.F.M. 
acknowledges support from the David and Lucille Packard Fellowship.  
 
 
References 

 
1 Lee, C. et al. Measurement of the Elastic Properties and Intrinsic Strength of Monolayer 
Graphene, Science 321, 385-388 (2008). 
2 Bertolazzi, S. et al. Stretching and breaking of ultrathin MoS2, ACS Nano 5, 12, 9703-
9709 (2011). 
3 Bunch, J. S. et al. Electromechanical Resonators from Graphene Sheets. Science 315, 
490–493 (2007). 
4 Chen, C. et al. Performance of monolayer graphene nanomechanical resonators with 
electrical readout. Nat. Nanotechnol. 4, 861–867 (2009). 
5 Lee, J. et al. Electrically tunable single- and few-layer MoS2 nanoelectromechanical 
systems with broad dynamic range. Sci. Adv. 4, eaao6653 (2018). 



7 
 

 
6 Davidovikj, D. et al. Nonlinear dynamic characterization of two-dimensional materials, 
Nat. Commun. 8 1253 (2017). 
7  Eichler, A. et al. Nonlinear damping in mechanical resonators made from carbon 
nanotubes and graphene, Nat. Nanotechnol. 6, 339-342 (2011). 
8  Chaste, J. et al. A nanomechanical mass sensor with yoctogram resolution, Nat. 
Nanotechnol. 7, 301–304 (2012). 
9  Chen, C. et al. Graphene mechanical oscillators with tunable frequency, Nat. 
Nanotechnol. 8, 923-927 (2013). 
10 Jiang, S. et al. Exchange magnetostriction in two-dimensional antiferromagnets. Nat. 
Mater. 19, 1295–1299 (2020). 
11 Šiškins, M. et al. Magnetic and electronic phase transitions probed by nanomechanical 
resonators. Nat. Commun. 11, 2698 (2020). 
12 Castellanos-Gomez, A. et al. Mechanics of freely-suspended ultrathin layered materials, 
Ann. Phys., 527, 27–44, (2015). 
13 Chen, C., Hone, J. Graphene nanoelectromechanical systems, Proceedings of the IEEE 
101(7),1766-1779 (2013). 
14 Mak, K. F., Shan, J. Photonics and optoelectronics of 2D semiconductor transition metal 
dichalcogenides. Nat. Photon. 10, 216–226 (2016). 
15 Wang, G. et al. Colloquium: Excitons in atomically thin transition metal dichalcogenides,  
Rev. Mod. Phys. 90, 021001 (2018). 
16 Liu, X. et al. Strong light–matter coupling in two-dimensional atomic crystals. Nat. 
Photon. 9, 30–34 (2015). 
17 Dufferwiel, S. et al. Exciton–polaritons in van der Waals heterostructures embedded in 
tunable microcavities. Nat. Commun. 6, 8579 (2015). 
18 Chen Y. et al. Valley-polarized exciton-polaritons in a monolayer semiconductor.  Nat. 
Photon. 11, 431–435 (2017). 
19 Back, P. et al. Realization of an electrically tunable narrow-bandwidth atomically thin 
mirror using monolayer MoSe2. Phys. Rev. Lett. 120, 037401 (2018). 
20 Scuri, G. et al. Large excitonic reflectivity of monolayer MoSe2 encapsulated in 
hexagonal boron nitride, Phys. Rev. Lett. 120, 037402 (2018). 
21  Xie, H., et al. Valley-Selective Exciton Bistability in a Suspended Monolayer 
Semiconductor, Nano Lett. 18, 5, 3213–3220 (2018). 
22 Zhou, Y. et al. Controlling excitons in an atomically thin membrane with a mirror,  
Phys. Rev. Lett. 124, 027401 (2020). 
23 Horng, J. et al. Perfect Absorption by an Atomically Thin Crystal, Phys. Rev. Applied 14, 
024009 (2020). 
24 Okamoto, H. et al. Cavity-less on-chip optomechanics using excitonic transitions in 
semiconductor heterostructures, Nat. Commun. 6, 8478 (2015). 



8 
 

 
25 Yeo, I. et al. Strain-mediated coupling in a quantum dot–mechanical oscillator hybrid 
system, Nat. Nanotechnol. 9,106-110 (2014). 
26  Montinaro, M. et al. Quantum Dot Opto-Mechanics in a Fully Self-Assembled 
Nanowire, Nano Lett. 14, 8, 4454-4460 (2014). 
27 Gloppe, A. et al. Bidimensional nano-optomechanics and topological backaction in a 
non-conservative radiation force field, Nat. Nanotechnol. 9, 920-926 (2014). 
28 Tavernarakis, A. et al. Optomechanics with a hybrid carbon nanotube resonator, Nat. 
Commun. 9, 662 (2018). 
29 He, K., et al. Experimental Demonstration of Continuous Electronic Structure Tuning 
via Strain in Atomically Thin MoS2, Nano Lett. 13, 6, 2931–2936 (2013). 
30 Conley H. J. et al. Bandgap Engineering of Strained Monolayer and Bilayer MoS2, Nano 
Lett. 13, 8, 3626–3630 (2013). 
31 Island, J. O. et al.  A. Precise and reversible band gap tuning in single-layer MoSe2 by 
uniaxial strain. Nanoscale 8, 2589–2593 (2016). 
32 Metzger, C., Favero, I., Ortlieb, A., Karrai, K. Optical self cooling of a deformable 
Fabry-Perot cavity in the classical limit , Phys. Rev. B 78 (3), 035309 (2008). 
33 Kippenberg, T. J., Vahala, K. J.  Cavity Optomechanics :Back-Action at the Mesocale, 
Science 321(5893), 1172–1176 (2008). 
34 Aspelmeyer, M. , Kippenberg, T. J. , Marquardt, F. Cavity optomechanics, Rev. Mod. 
Phys., 86(4), 1391–1452 (2014). 
35 Morell, N. et al. High quality factor mechanical resonators based on WSe2 monolayers, 
Nano Lett. 16, 5102-5108 (2016). 
36 Chan, J. et al. Laser cooling of a nanomechanical oscillator into its quantum ground state, 
Nature 478, 89–92 (2011). 
37 Mahboob, I. et al. Phonon Lasing in an Electromechanical Resonator, Phys. Rev. Lett. 
110, 127202 (2013). 



9 
 

Figures and figure captions 

  
Figure 1. Monolayer MoSe2 optomechanical device. a, Schematic illustration of 
suspended monolayer MoSe2 contacted by gold electrodes and illuminated by a laser beam. 
d: circular trench depth; z: static vertical displacement of the membrane induced by a DC 
gate voltage; 𝛿𝛿𝛿𝛿: vibration amplitude induced by an AC gate voltage, which induces a 
dynamical shift in the exciton resonance and gives rise to dynamical backaction. b, Gate 
voltage dependent reflection contrast spectrum of suspended monolayer MoSe2. Spectra at 
selected gate voltages are shown in the top panel. The solid line in the contour plot (bottom 
panel) is the expected dependence of the exciton resonance energy (Supporting 
Information). c, Gate voltage dependence of the mechanical resonance frequency. The 
solid line is a theoretical fit to the data (Supporting Information).  
 
 
 
 
 
 
 
  
 
 
 



10 
 

 
Figure 2. Dynamical shift in exciton resonance. a, Fractional change in reflection 
contrast as a function of the AC driving frequency at different probe photon energies near 
the exciton resonance (incident power ~ 1 μW). The curves are vertically displaced for 
clarity purpose. Near zero change is seen at the excitonic resonance. b, The peak response 
extracted from a (data point) as a function of the energy detuning from the exciton 
resonance. The red line is the energy derivative of the normalized reflection contrast 
spectrum at 𝑉𝑉𝑔𝑔 = 40 V (extracted from Fig. 1b) multiplied by a dynamical exciton shift 
with peak-to-peak amplitude δ𝐸𝐸𝑋𝑋 ≈ 67 μeV. Inset: Schematic illustration of dynamical 
shift in the exciton resonance. c, The gate voltage dependence of δ𝐸𝐸𝑋𝑋  extracted from 
similar measurement as in b at different gate voltages. The red curve is the expected 
dependence 𝑑𝑑𝐸𝐸𝑋𝑋

𝑑𝑑𝑉𝑉𝑔𝑔
δ𝑉𝑉𝑔𝑔  extracted from the solid line in Fig. 1b using a peak-to-peak gate 

voltage amplitude δ𝑉𝑉𝑔𝑔 = 200 mV.  
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Figure 3. Dynamical backaction effects. a, Fractional change in reflection contrast as a 
function of the AC driving frequency at different incident photon energies near the exciton 
resonance (incident power ~ 10 μW). The curves are vertically displaced for clarity 
purpose. b-e, The mechanical linewidth (b, c) and resonance frequency (d, e) extracted 
from a as a function of the energy detuning (bottom axis) and incident photon energy (top 
axis). The blue and red shaded regions correspond to blue and red energy detuning, 
respectively. The solid lines in b and d are fits to the data including both the symmetric 
photothermal softening contribution (black dashed line) and the anti-symmetric dynamical 
backaction contribution (red dashed line). Only the anti-symmetric contribution is shown 
in c and e, where the symmetric contribution is subtracted off from the data in b and d.  
 
 



12 
 

 
Figure 4. Gate tunable exciton-optomechanical coupling. a, The backaction-induced 
change in mechanical linewidth as a function of the energy detuning at varying gate 
voltages. The solid lines are fits to the experimental data points using Eqn. (1) and (2). The 
data are vertically displaced and scaled by different amplitudes for clarity purpose. The 
dashed lines mark the position of zero change in linewidth. b, Half of the peak-to-peak 
height extracted from a as a function of gate voltage. The red curve is the fit to the data 
using Eqn. (1) and (2) (details see Supporting Information).  
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1. Device fabrication 
To fabricate suspended monolayer MoSe2 resonators, we first patterned circular trenches 
(~ 600 nm in depth) on SiO2/Si substrate using photolithography and reactive ion etching. 
Metal pads (Ti 5 nm/Au 30 nm) were subsequently deposited next to the circular trenches. 
MoSe2 monolayers were mechanically exfoliated from bulk crystals and transferred onto 
the targeted trench using a polydimethylsiloxane (PDMS) stamp. The monolayers were 
first identified by optical contrast and further confirmed by reflection contrast and 
photoluminescence measurements.  
 
2. Reflection contrast measurements 
We focused broadband radiation from a supercontinuum light source onto the suspended 
sample using a high numerical aperture (N.A. = 0.8) objective. The beam spot is about 1𝜇𝜇m 
in diameter and the incident power is below 1 𝜇𝜇W to minimize heating effects. The 
reflected light is collected by the same objective and detected by a spectrometer equipped 
with a liquid nitrogen-cooled charge coupled device (CCD). The reflection contrast spectra 
were obtained by normalizing the reflected light intensity from the suspended MoSe2 
region to that from a bare circular trench without MoSe2. The suspended sample was 
mounted inside a close-cycle cryostat filled with helium exchange gas (< 10-5 Torr) at a 
base temperature (~ 4 K).  
 
3. Measurements of the mechanical resonance 
We measure the out-of-plane displacement of the resonator by optical interferometry. The 
optical setup is the same as the reflection contrast measurement. The output of a 
wavelength-tunable continuous-wave Ti-Sapphire laser was employed for both excitation 
and probe. We vary the wavelength near the exciton resonance of MoSe2. The reflected 
beam was collected by the same objective to a fast photodiode. Motion of the membrane 
was actuated capacitively by a small AC voltage (peak-to-peak amplitude = 200 mV) 
between the sample and the gate in the linear response regime. The vibration of the 
membrane, which modulates the reflected light intensity at the driving frequency, was 
measured by a network analyzer (Agilent E5061A). The DC reflected light intensity was 
also measured. The fractional change in reflectance 𝑑𝑑𝑑𝑑

𝑅𝑅
 can be obtained by normalizing the 

AC signal to the DC signal. In thermal vibration measurements (Supplementary Fig. S1), 
there was no AC driving voltage and the noise voltage density of the photodiode output 
was measured by a spectrum analyzer (Agilent E4408B).  
 
Note that when the sample is illuminated by the Ti:Sapphire laser for mechanical 
measurements, the exciton resonance of the membrane is red-shifted because of laser 
heating (e.g. compare the exciton resonance energy in Fig. 2 with that in Fig. 1b). For a 
constant incident laser power, however, we can offset this redshift by studying the 
dependence of the mechanical response on the energy detuning Δ𝐸𝐸 instead of the absolute 
photon energy 𝐸𝐸 . The approximately constant redshift for a given incident power has 
negligible effect on our analysis. 
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4. Gate-induced exciton energy shift 
The exciton resonance energy of monolayer MoSe2 is known to redshift linearly with strain 
38,39.  We obtain the gate dependent strain 𝜖𝜖�𝑉𝑉𝑔𝑔� ≈

1
96
�𝑅𝑅
𝑑𝑑
�
2
� 𝜀𝜀0
𝑑𝑑𝜎𝜎0

�
2
𝑉𝑉𝑔𝑔4 (valid when it is 

small compared to the built-in strain) by minimizing the total energy 3
2
𝑌𝑌𝜖𝜖2 − 1

2
𝐶𝐶𝑔𝑔𝑉𝑉𝑔𝑔2 of the 

device with respect to strain 𝜖𝜖. Here 𝑅𝑅 is the drumhead radius, 𝑑𝑑 is the trench depth, 𝜀𝜀0 is 
the vacuum permittivity, 𝜎𝜎0 is the built-in stress, 𝑌𝑌 is the Young’s modulus and 𝐶𝐶𝑔𝑔 is a 𝑉𝑉𝑔𝑔-
dependent geometrical gate capacitance. The gate-induced exciton energy shift in Fig. 1b 
can be fitted by ∆𝐸𝐸𝑋𝑋 ≈ 𝜖𝜖�𝑉𝑉𝑔𝑔� × 55 meV/%. The fitted slope 55 meV/% is consistent with 
the reported value ~ 54 meV/% in the literature [Ref. 38,39,40]. 
 
5. Gate dependent mechanical resonance frequency 
The mechanical resonance frequency for a fully clamped drumhead is given by 𝑓𝑓 =
2.405
2𝜋𝜋𝜋𝜋 �

𝜎𝜎
𝜌𝜌
 with stress 𝜎𝜎 = 𝑅𝑅2

4
𝜕𝜕2

𝜕𝜕𝜕𝜕2
�3
2
𝑌𝑌𝜖𝜖2 − 1

2
𝐶𝐶𝑔𝑔𝑉𝑉𝑔𝑔2� [Ref.41,42,43]. The extracted parameters 

for our MoSe2 resonator by fitting this expression to the experimental gate dependent 
frequency in Fig. 1c are 𝑌𝑌 = 170 ± 20 Nm−1, 𝜌𝜌 = (9.0 ± 0.7) × 10−6 kgm−2 and 𝜎𝜎0 =
0.53 ± 0.04 Nm−1. The built-in stress 𝜎𝜎0 obtained here is consistent with the value 0.43 ±
0.07 Nm−1 extracted independently from the exciton energy shift discussed above. The 2D 
mass density 𝜌𝜌 is about twice of the expected value 4.62 × 10−6 kgm−2 presumably due 
to the presence of PDMS residue on the membrane. The Young’s modulus 𝑌𝑌  is also 
consistent with the reported values 124±7 Nm-1 [Ref. 44] and 157±29 Nm-1 [Ref. 45] in the 
literature. 
 
6. Photothermal force gradient 
Here we derive an expression for the photothermal force gradient 𝛻𝛻𝐹𝐹𝑝𝑝ℎ, which has been 
used in the analysis in Fig. 3 and Fig. 4. Based on Ref. 46, the photothermal force gradient 
can be written in terms of the photothermal contribution to the stress 𝜎𝜎𝑝𝑝ℎ as  
 

𝛻𝛻𝛻𝛻𝑝𝑝ℎ = 4𝜋𝜋 �𝜎𝜎𝑝𝑝ℎ + 𝑧𝑧 𝑑𝑑𝜎𝜎𝑝𝑝ℎ
𝑑𝑑𝑑𝑑

�.        (S1) 
 
The first term corresponds to photothermal softening of the spring constant and does not 
contribute to dynamical backaction effects. The second term is the contribution related to 
dynamical backaction. The photothermal contribution to the stress can be written as 46 
 

𝜎𝜎𝑝𝑝ℎ = −𝑌𝑌 𝛼𝛼𝑡𝑡ℎ
4𝜋𝜋𝜋𝜋

𝐿𝐿 ∙ 𝐴𝐴 ∙ 𝑃𝑃.                                                 (S2) 
 
Here 𝛼𝛼𝑡𝑡ℎ  is the thermal expansion coefficient, 𝜅𝜅 is the sheet thermal conductance, 𝐿𝐿 is 
local electric field factor for light and 𝑃𝑃 is the incident laser power. The local field factor 
𝐿𝐿 is determined by matching the boundary conditions for the electric and magnetic fields 
at the silicon back gate interface and at the sample plane 47. It takes into account the 
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multiple interference effects of the device near the exciton resonance. Its photon energy 

dependence is shown in Supplementary Fig. S4. The absorbance 𝐴𝐴 = 𝐴𝐴0′ (𝛾𝛾′/2)2

[𝐸𝐸−𝐸𝐸𝑋𝑋(z)]2+(𝛾𝛾′/2)2
 of 

monolayer MoSe2 is modeled by a Lorentzian representing the exciton resonance (𝐴𝐴0′  is 
the peak absorbance). The exciton resonance energy 𝐸𝐸𝑋𝑋(z)  is z-dependent. The total 
absorbance, taking into account the local field corrections from multiple interference, is 𝐿𝐿 ∙
𝐴𝐴, which can be fitted by a Lorentzian 𝐿𝐿 ∙ 𝐴𝐴 = 𝐴𝐴0(𝛾𝛾/2)2

[𝐸𝐸−𝐸𝐸𝑋𝑋(z)]2+(𝛾𝛾/2)2
 with a broadened effective 

exciton linewidth 𝛾𝛾 > 𝛾𝛾′ (Supplementary Fig. S4). (𝐴𝐴0 is the total peak absorbance.) We 
then obtain  
 

�∇𝐹𝐹𝑝𝑝ℎ�𝑎𝑎𝑎𝑎 = 4𝜋𝜋𝜋𝜋 𝑑𝑑𝜎𝜎𝑝𝑝ℎ
𝑑𝑑𝑑𝑑

≈ −𝑌𝑌 𝛼𝛼𝑡𝑡ℎ
𝜅𝜅
𝐴𝐴0 ∙ 𝑃𝑃

𝛥𝛥𝛥𝛥𝛾𝛾2/2
[(𝛥𝛥𝛥𝛥)2+(𝛾𝛾/2)2]2

∙ 𝑑𝑑𝐸𝐸𝑋𝑋
𝑑𝑑𝑑𝑑

𝑧𝑧.                  (S3) 

 
Here Δ𝐸𝐸 =  𝐸𝐸 − 𝐸𝐸𝑋𝑋  is the photon energy detuning. The strain-induced shift in the exciton 
resonance is Δ𝐸𝐸𝑋𝑋 ≈

𝑑𝑑𝐸𝐸𝑋𝑋
𝑑𝑑𝑑𝑑

�2𝑧𝑧
2

3𝑅𝑅2
� = 1

2
𝑑𝑑𝐸𝐸𝑋𝑋
𝑑𝑑𝑑𝑑

𝑧𝑧. We therefore obtain Eqn. (2) in the main text with 

the pre-factor equal to 𝛼𝛼 = − 𝑌𝑌
𝜋𝜋𝜋𝜋0

𝛼𝛼𝑡𝑡ℎ
𝜅𝜅
𝐴𝐴0 �

𝛾𝛾
2
�
2
. To describe the data in Fig. 4b, we use Eqn. 

(1) for Γ and treat 𝛼𝛼 as a fitting parameter. We obtain a good fit using 𝛼𝛼 ≈ 4.6 × 10−20 
eVs. This value can be compared to the expected value of 𝛼𝛼 ≈ 3.3 × 10−20 eVs using 
𝛼𝛼𝑡𝑡ℎ~1 × 10−6K−1 [Ref. 48], 𝜅𝜅~1 × 10−8WK−1  [Ref. 49,50,51], 𝐴𝐴0 ≈ 0.77, 𝛾𝛾 ≈ 10 meV 
and 𝜏𝜏 ≈ 3ns [Ref. 50]. Note that we have used the values of 𝛼𝛼𝑡𝑡ℎ  and 𝜅𝜅 near 20 K due to 
laser heating.  
 
Note that the sign of �∇𝐹𝐹𝑝𝑝ℎ�𝑎𝑎𝑎𝑎  is opposite to that in cavity optomechanics based on 
radiation pressure. This gives rise to the observed antidamping (damping) of the 
mechanical resonance for red-detuning (blue-detuning) from the exciton resonance. This 
peculiar dependence, which has also been observed in Ref. 52, can be understood in the 
following picture. In a vibration cycle, as the membrane moves downward (corresponding 
to a positive vertical displacement) by responding to a positive driving force from the AC 
gate voltage, the sample strain increases and induces an exciton redshift. This results in an 
increase in the optical absorption for red detuning, and in turn softens the membrane and 
reduces the restoring force. The reduced restoring force (a negative contribution to the 
spring constant) is equivalent to an extra driving force in phase with the external driving 
force from the gate. The net result from such dynamical feedback is therefore anti-damping 
(or heating) of the mechanical vibration. The sign of the effect is reversed for blue detuning. 
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7. Supplementary figures  

 
Supplementary Figure S1. Detection of thermal vibrations at 10 K. a, Optical image 
of a typical suspended monolayer MoSe2 device. The scale bar is 10 μm. b, The reflection 
contrast spectrum at 𝑉𝑉𝑔𝑔 = 60𝑉𝑉 showing an exciton resonance at 1.666 eV. Dashed lines 
mark the two probe photon energies (1.6489 eV and 1.6337 eV) employed in c-f. Both of 
them are lower than the exciton resonance energy. c, e, Reflected light signal as a function 
of the driving frequency at 1.6489 eV (c) and 1.6337 eV (e) probe. The peak-to-peak 
driving amplitude is 40 mV, the incident power is 10 μW, and the measurement 
temperature is 4 K. The signal at the probe energy near the exciton resonance is enhanced. 
d, f, Noise voltage density as a function of frequency at 1.6489  eV (d) and 1.6337  eV (f) 
probe. The probe power here is 100 μW and there is no driving voltage. The thermal 
vibration at 10 K at the mechanical resonance is only observed at the probe photon energy 
near the exciton resonance. Because the probe photon energy is substantially below the 
exciton resonance energy, there is minimal heating effect in these measurements.  
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Supplementary Figure S2. Dependence of the mechanical resonance frequency on 
energy detuning at 1 μW (a) and 10 μW (b) incident power (𝑽𝑽𝒈𝒈 = 𝟒𝟒𝟒𝟒𝟒𝟒). In addition to 
the modification of the mechanical resonance frequency near the exciton resonance, there 
is also a smooth background frequency shift at 1 μW incident power. At 10 μW incident 
power, the smooth background becomes negligible and only the mechanical frequency shift 
near the exciton resonance is observed. The origin of the smooth background is unclear. It 
has much weaker power dependence compared to the photothermal contribution. 
Excluding this smooth background, the power dependence of the mechanical frequency 
shift at the exciton resonance is linear and is consistent with Eqn. (S2) and (S3).  
 
 

 
Supplementary Figure S3. Power dependence of optical damping. a, The backaction-
induced change in mechanical linewidth as a function of the energy detuning at varying 
incident power. The gate voltage is fixed at 40 V. The solid lines are fits to the experimental 
data points using Eqn. (1) and (2). The data are vertically displaced and scaled by different 
amplitudes for clarity purpose. The dashed lines mark the position of zero change in 
linewidth. b, Half of the peak-to-peak height extracted from a as a function of incident 
power. A linear dependence is seen as expected.  
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Supplementary Figure S4. Effects of multiple interference near the exciton resonance. 
a, Dependence of the local field factor 𝐿𝐿 on photon energy. A dip at the exciton resonance 
is seen. b, Dependence of the intrinsic absorbance 𝐴𝐴 of the sample (black) and the total 
absorbance 𝐿𝐿 ∙ 𝐴𝐴  including local field effects (red) on photon energy. Similar to the 
intrinsic absorbance, the total absorbance can be well fitted by a Lorentzian (green). The 
resultant effective exciton linewidth is broader than the intrinsic exciton linewidth due to 
local field corrections.   
 



21 
 

 

8. References 
 

 
38 Frisenda, R.; et al. Biaxial strain tuning of the optical properties of single-layer transition 
metal dichalcogenides, npj 2D Mater Appl 1, 10 (2017). 
39 Aas, S., Bulutay, C.; Strain dependence of photoluminescence and circular dichroism in 
transition metal dichalcogenides: a k · p analysis, Opt. Express 26, 28672-28681 (2018). 
40  Mennel, L.; et al. Second harmonic generation in strained transition metal 
dichalcogenide monolayers: MoS2, MoSe2, WS2, and WSe2, APL Photonics 4, 034404 
(2019). 
41  Chen, C.; et al. Graphene mechanical oscillators with tunable frequency, Nat. 
Nanotechnol. 8, 923-927 (2013). 
42 Jiang, S.; et al. Exchange magnetostriction in two-dimensional antiferromagnets. Nat. 
Mater. 19, 1295–1299 (2020). 
43 Šiškins, M.; et al. Magnetic and electronic phase transitions probed by nanomechanical 
resonators. Nat. Commun. 11, 2698 (2020). 
44 Yang, Y.; et al. Brittle Fracture of 2D MoSe2, Adv. Mater. 29, 1604201 (2017). 
45 Iguiñiz, N.; et al. Revisiting the Buckling Metrology Method to Determine the Young's 
Modulus of 2D Materials, Adv. Mater. 31, 1807150 (2019). 
46  Barton, R. A.; et al. Photothermal Self-Oscillation and Laser Cooling of Graphene 
Optomechanical Systems, Nano Lett. 12(9), 4681–4686 (2012). 
47  Xie, H.; et al. Valley-Selective Exciton Bistability in a Suspended Monolayer 
Semiconductor, Nano Lett. 18, 5, 3213–3220 (2018). 
48 Çakir, D.; et al. Mechanical and thermal properties of h-MX2 (M = Cr, Mo, W; X = O, 
S, Se, Te) monolayers: A comparative study, Appl. Phys. Lett. 104, 203110 (2014). 
49 Zhang, X.; et al. Measurement of Lateral and Interfacial Thermal Conductivity of Single- 
and Bilayer MoS2 and MoSe2 Using Refined Optothermal Raman Technique, ACS Appl. 
Mater. Interfaces 7,25923–25929 (2015). 
50  Morell, N.; et al. Optomechanical Measurement of Thermal Transport in Two-
Dimensional MoSe2 Lattices,” Nano Lett. 19, 3143–3150 (2019). 
51 Yarali, M.; et al. Effect of Metal Doping and Vacancies on the Thermal Conductivity of 
Monolayer Molybdenum Diselenide, ACS Appl. Mater. Interfaces 10, 4921–4928 (2018). 
52 Okamoto, H.; et al. Cavity-less on-chip optomechanics using excitonic transitions in 
semiconductor heterostructures, Nat. Commun. 6, 8478 (2015). 


