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Abstract 

Mechanical forces induced by high-speed oscillation provide an elegant way to dynamically 

alter the fundamental properties of materials such as refractive index, absorption coefficient, 

and gain dynamics. While the precise control of mechanical oscillation has been well-

developed in the past decades, the notion of dynamic mechanical forces has not been harnessed 

for developing tunable lasers. Here, we demonstrate actively tunable mid-infrared laser action 

in group-IV nanomechanical oscillators with a compact form factor. A suspended GeSn 

cantilever nanobeam on a Si substrate is resonantly driven by radio frequency waves. 

Electrically controlled mechanical oscillation induces elastic strain that periodically varies with 

time in the GeSn nanobeam, enabling actively tunable lasing emission at >2 μm wavelengths. 

By utilizing mechanical resonances in the radiowave frequency as a driving mechanism, it 

might be possible to achieve wide-range mid-infrared tunable lasers with ultra-low power 

consumption. 
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Introduction 

Actively tunable laser sources are critical for a diverse range of exciting applications such as 

bio-chemical spectroscopy1, quantum optics2, and optical communications3. Until now, most 

of the tunable lasers have relied on thermal tuning mechanisms3-5, which suffer from limited 

functionalities such as low tuning efficiency due to their high tuning power consumption. One 

promising approach to address these limitations is the utilization of microelectromechanical 

systems (MEMS). By utilizing MEMS-based external cavities, tunable lasers with lower tuning 

power consumption and higher tuning speed have been reported6. Recently, an ultrafast laser 

frequency tuning was achieved using the electro-optic Pockels effect by integrating a lithium 

niobate external cavity with III-V gain medium7,8. Several other studies have also presented 

tunable lasers by employing alternative electro-optic effects including the quantum-confined 

Stark and plasma dispersion effects9,10. However, existing demonstrations rely on two disparate 

systems for a bulky external cavity and gain medium6,11, preventing the realization of a fully 

integrated laser device with a compact form factor and also still limiting crucial functionalities 

such as energy-efficient tuning. 

 

Over the past decade, nanomechanical oscillators with an ultra-small physical volume have 

been widely exploited for a broad range of applications in the field of nanoelectromechanical 

systems (NEMS)12-15. Particularly, the small physical volume of nanomechanical oscillators 

allows a very high-frequency mechanical motion, providing versatile platforms for 

fundamental studies and applications14. The mechanical oscillation of nanomechanical 

oscillators can also be electrically actuated via various means including a dielectric gradient 

force12, electrostatic13, and magnetomotive15 actuations. This electrically driven motion can 

enable precise control of mechanical displacement and lattice strain in an oscillating object 
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with a low actuation power12, thus providing an additional degree of freedom for directly 

engineering fundamental material properties such as band structure and optical gain. 

 

In this article, we demonstrate electrically tunable mid-infrared laser action in a single 

integrated GeSn nanomechanical oscillator by actively controlling the mechanical motion. A 

rapidly oscillating GeSn nanomechanical cantilever combined with an optical cavity emits a 

single-mode lasing in the mid-infrared spectral range at a cryogenic temperature of 4 K. The 

active tuning of lasing emission is enabled by applying radio-frequency (RF) drives, which can 

precisely control the mechanical oscillation, and in turn, the optoelectronic properties of GeSn 

gain media. Pulsed laser emission can be obtained at any desired moment within a single 

oscillation period, potentially allowing the experimental investigation of time-resolved 

mechanical behaviour of rapidly vibrating nanomechanical oscillators. Upon increasing the 

amplitude of mechanical oscillations, the laser emission wavelength can be actively tuned over 

a wide range of up to 38 nm with a significantly increased laser intensity due to the modified 

optical gain spectra, which are supported by rigorous theoretical simulations. Lastly, we show 

that the use of mechanical resonance allows the emission tuning with low power consumption 

of 0.24 nW, which is several orders of magnitude smaller than previous demonstrations 

employing other tuning mechanisms3,6. 
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Design of a nanomechanical oscillator for laser tuning 

The working principle of the GeSn nanomechanical oscillator with the electrically tunable laser 

is schematically shown in Fig. 1a. The mechanical oscillation of the nanobeam is controlled by 

applying an RF drive between the yellow metal electrodes. The resulting non-uniform electric 

field provides a gradient force12 on the GeSn nanobeam that simultaneously serves as a 

mechanical resonator and laser device (Supplementary Note 1). The frequency of the RF drive 

is matched with the fundamental out-of-plane flexural mode of the nanobeam (3.06 MHz) in 

order to achieve the maximal amplitude of the mechanical oscillation12. The resulting strain in 

the GeSn gain medium modulates the band structure of GeSn16, enabling actively tunable laser 

action.  

 

The layer structure of the device is as follows (Fig. 1a). A step-graded GeSn epilayer with 8-

10.6 at% Sn content is grown on a Ge virtual substrate on a Si wafer using low-pressure 

chemical vapor deposition (LPCVD)17. The GeSn-on-insulator (GeSnOI) substrate is produced 

by using a direct wafer bonding method (Supplementary Note 2)18. After bonding, the upper 

part of the GeSn layer in the original carrier wafer with a Sn content of 10.6 at% is placed at 

the lower part of the transferred GeSn layer (Supplementary Figure 1). Laser emission 

originates primarily from the lower part of the GeSn layer with a Sn content of 10.6 at% due 

to the large optical gain19. Also, the smaller energy bandgap in GeSn with a larger Sn content 

facilitates the funnelling of photoexcited carriers into the lower part of the oscillator20. To 

understand the laser behaviour during the mechanical oscillation, therefore, we only focus on 

the strain dynamics in the lower part of the oscillator (Supplementary Note 2). The optical 

fields are confined in an optical cavity between the corner-cube mirror and the end facet of the 

suspended oscillator. A calculated optical field via 3D finite-difference time-domain (FDTD) 

simulations reveals strong optical confinement with a Q-factor of 480 (Fig. 1b).  
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Figure 1c presents typical emission spectra from a GeSn nanomechanical oscillator without 

mechanical actuation. All lasing measurements are conducted at a cryogenic temperature of 4 

K (Supplementary Note 3). At a low pump power density, the oscillator produces a broad 

spontaneous emission with a peak position of 2258 nm, which is consistent with direct bandgap 

optical transitions from GeSn with a Sn content of 10.6 at%21. As the pump power is increased, 

visible cavity modes appear as a result of the losses being slowly compensated by the material 

gain, until the system enters the lasing regime with a narrow one-cavity mode at 2266.5 nm. 

The threshold power density is estimated to be 50.4 kW cm−2 (corresponding to 50.4 µJ cm−2) 

from pump-power dependent photoluminescence (PL) studies (Supplementary Note 4).  

  

Mechanical characterization and simulation 

The mechanical oscillation of the GeSn nanobeam is monitored by shining a probe laser onto 

the device and measuring the intensity fluctuation of the reflected laser beam with a balanced 

photodetector (Supplementary Note 3). Figure 2a presents the measured photodetector 

voltage—directly correlated with the amplitude of the mechanical oscillation—as a function of 

the RF drive frequency at different RF drive amplitude from 1 V to 5 V. A strong peak is 

observed at an RF drive frequency of 3.062 MHz, which is the fundamental flexural out-of-

plane resonance frequency of the GeSn oscillator with a mechanical Q-factor of 1000 

(Supplementary Note 5). The absolute amplitude of the mechanical displacement is calibrated 

by relating the experimental Brownian motion spectrum to the thermal energy in the 

surrounding environment using the Boltzmann equipartition theorem22,23 (Supplementary Note 

5). Figure 2b shows the calibrated displacement as a function of the applied RF drive featuring 

a linear dependence with a responsivity of 4.4 nm V–1.  
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The elastic response of the nanobeam to the RF drive induces a mechanical strain that 

periodically varies with time, which can be used to directly engineer crucial material properties 

for achieving active tuning of laser emission. Figure 2c shows the simulated strain distributions 

under the two maximum displacement conditions for the oscillator driven at the resonance 

frequency (Supplementary Note 6). The top panel corresponds to the case when the oscillator 

bends upward, with the compressive strain (blue) and tensile strain (red) above and below the 

neutral line (black dashed line), respectively. The bottom panel shows the opposite strain 

distributions when the oscillator bends downward.  

 

Figure 2d shows the simulated time-domain characteristics of the relationship between the RF 

drive, mechanical displacement, and induced strain (Supplementary Note 5). The top panel 

presents the RF drive as a function of time ! over one period, modelled as "!" = "# ∙ cos	(*#!), 

where "# is the peak voltage amplitude, and *#	is the driving frequency set to be resonant with 

the mechanical eigenmode. The resultant mechanical displacement over time is plotted in the 

middle panel of Fig. 2d, which has a relative phase shift of −90° with respect to the resonant 

RF drive. This phase shift stems from the response function of a driven harmonic oscillator 

(Supplementary Note 5 and Supplementary Fig. 9). The bottom panel of Fig. 2d presents the 

corresponding average strain induced in the GeSn with 10.6 at% Sn content, lower part of the 

nanobeam, which is the effective gain region of the laser. The relationship between the RF 

drive and the strain induced in the oscillator indicates the potential to electrically control the 

lasing emission in nanomechanical oscillators.  

 

Laser emission characteristics from an actuated oscillator 

Figure 3a illustrates the temporal evolution of the laser emission from the oscillator within a 

single oscillation period. The mechanical displacement (red curve) is actuated by an RF drive 
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with the frequency matched to the mechanical resonance frequency of 3.174 MHz at a 

cryogenic temperature of 4 K. A pulsed laser with a short pulse width of 1 ns (blue vertical bar) 

is used to optically pump the oscillator. The frequencies of the pulsed pumping laser and the 

RF drive are synchronized, while the relative phase ΔΦ between the pumping pulse and RF 

drive is varied to produce laser emission at different moments within one oscillation period 

(Supplementary Note 3). As shown in the mechanical simulation results (top insets), the gain 

medium—the lower part of the GeSn layer—experiences different lattice strains depending on 

the relative phase. For example, the lasing medium is under compressive strain in the first half 

period (blue shaded area) with a maximum compressive strain at a 90° relative phase while it 

is under tensile strain in the second half period (red shaded area) with a maximum tensile strain 

at a 270° relative phase. At relative phases of 0°, 180°, and 360°, the oscillator is not 

mechanically displaced, and therefore, the lattice strain in the gain medium should be 

negligible.  

 

Figure 3b presents laser spectra of the device measured at different relative phases from 0° to 

360° with a step of 30°. The amplitude of the RF drive is fixed to 10 V. Figure 3c shows the 

peak wavelengths (top), intensities (bottom), and full-width at half-maximum (FWHM) 

(bottom inset) of the emission spectra as a function of the relative phase. At a 0° relative phase, 

the laser peak is observed at 2266.5 nm (Peak 1), which is the same as the one measured without 

the RF drive (Fig. 1c).  When the relative phase is changed from 0° to 360°, it is clearly shown 

that the lasing peak wavelength and intensity vary periodically, which is in phase with the 

mechanical displacement (Fig. 3a). When the relative phase is varied from 0° to 90°, the 

emission wavelength is continuously blue-shifted due to the compressive strain in the gain 

medium. It should be noted that we define such continuous and fine emission wavelength shifts 

as fine tuning. The mechanism for the fine tuning will be explained in Fig. 4a. This emission 
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intensity is also reduced while the FWHM is increased. Note that the influence of the 

mechanical displacement of the oscillator on the laser emission intensity is negligible 

(Supplementary Note 7). When the relative phase is changed from 90° to 180°, all three lasing 

parameters—the emission wavelength, intensity, and FWHM—gradually return to the values 

measured at a 0° relative phase, indicating that the mechanical state of the oscillator is restored 

to the original condition with no displacement, as illustrated in Fig. 3a. The observed FWHM 

broadening and narrowing are proportional to the inverse of the output laser power, which is 

consistent with the Schawlow–Townes equations. Surprisingly, when the relative phase is 

increased from 180° to 210°, a new strong laser mode (Peak 2) emerges at 2303.7 nm while 

the original mode (Peak 1) quenches. This new peak is at 37.2 nm away from the original peak, 

which cannot be explained simply by considering a continuous variation of material properties 

such as refractive index, as strain is gradually changed. The observed switching of the laser 

mode is defined as coarse tuning, which is a widely accepted terminology for thermal heater-

based tunable lasers3. The mechanism for the coarse tuning will be explained in detail in Figs. 

4b and c. This new peak also varies periodically as a function of the relative phase. As the 

relative phase is changed from 330° to 360°, the laser parameters return to the values measured 

in the absence of mechanical displacement. This periodical dependence of laser characteristics 

on the relative phase reveals a direct correlation between the mechanical motion (Fig. 3a) and 

laser emission (Fig. 3c). For example, the relative phases for no mechanical displacement can 

be experimentally verified to be 0°, 180°, and 360°, while the largest (smallest) values for the 

wavelength and intensity at 270° (90°) confirms the maximum displacement point with tensile 

(compressive) strain. It should be noted that the lasing emission wavelength can be 

continuously shifted and actively controlled simply by adjusting the RF drive amplitude 

(Supplementary Note 8). The coarse-tuning range of 37.6 nm (equivalent to ~2.2 THz) with 
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the fine-tuning range of 1 nm (equivalent to ~50 GHz) is obtained with a relatively small RF 

drive of 10 V.  

 

Theoretical analysis for the laser tuning behaviour 

Comprehensive theoretical analyses are performed to understand the mechanisms for two 

distinct tuning schemes: fine tuning and coarse tuning. The mechanism for the fine tuning can 

be understood by considering the strain-induced refractive index change. Figure 4a shows the 

calculated refractive index change Δn in GeSn as a function of the relative phase by using the 

Lorentz-Lorenz equation24. This periodical behaviour of Δn is consistent with the observed 

continuous spectral shift of Peak 1 (blue shade) and Peak 2 (red shade) in the top panel of Fig. 

3c. Therefore, this fine shift in wavelength can be attributed to the strain-induced refractive 

index modulation in the GeSn gain medium, which leads to a change in the effective optical 

length and subsequently results in emission wavelength shift. It should be noted that the RF 

drive-induced capacitive effect that can modify the refractive index via charge accumulations 

is confirmed to be negligible for the emission wavelength tuning (Supplementary Note 9). 

 

To investigate the mechanism for coarse tuning, we first calculate the material gain spectra of 

GeSn with a Sn content of 10.6 at% under different mechanical strains (Fig. 4b) by using the 

8-band k⋅p model and numerical analyses (Supplementary Note 10). At 0% strain (blue curve), 

the maximum material gain is observed at 2259.4 nm. At a tensile strain of 0.1% (red curve), 

the peak position of the material gain is shifted by 39.9 nm to a longer wavelength of 2299.3 

nm, while the gain magnitude is increased. The changes in the peak position and magnitude 

can be attributed to the bandgap shrinkage and improved directness under tensile strain, 

respectively16. At a compressive strain of –0.1% (black curve), the gain spectrum is changed 

oppositely to the tensile strain case. 
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Figure 4c presents a simulated optical spectrum of our cavity design. The mechanism for the 

coarse tuning can be understood from Figs. 4b and c. At a 180° relative phase, the oscillator is 

not under mechanical strain and the gain peak is at 2259.4 nm, near the simulated Peak 1 in 

Fig. 4c. When the relative phase is changed to 210° or larger values, the oscillator starts 

experiencing tensile strain in the lasing medium. As the gain peak position is shifted to a longer 

wavelength under tensile strain, the peak gain wavelength is shifted closer to the simulated 

Peak 2 in Fig. 4c, resulting in the sudden emergence of Peak 2 in Fig. 3b. The calculated 

material gain shift (39.9 nm) and wavelength difference between the simulated Peak 1 and Peak 

2 (37 nm) are in excellent agreement with the experimentally observed lasing peak shift of 37.2 

nm. On the other hand,  the maximum compressive strain of –0.1% at the relative phase 

between 0° and 180° shifts the gain peak position only by –19.4 nm, which is insufficient to 

change the dominant lasing mode to a shorter wavelength. 

 

Conclusions 

In summary, we have shown an actively tunable laser integrated in a single GeSn 

nanomechanical oscillator with a compact form factor. Our device harnesses mechanical 

resonances actuated by an RF drive to dynamically control the strain in the laser gain medium 

for laser emission tuning. This tuning scheme achieves emission tuning at orders-of-magnitude 

lower power consumption than other tuning schemes, such as thermal heater3,25,26, MEMS 

cavity6,27, electro-optic based devices9,10 (Supplementary Table 1). Lasing wavelength tuning 

consumes just 0.24 nW for tuning 37.6 nm (equivalent to ~2.2 THz) (Supplementary Note 11). 

This leads to a tuning efficiency of 156.7 nm/nW (equivalent to ~9.17 THz/nW), which is 

several orders of magnitude higher than thermal heater-, MEMS cavity-, and electro-optic-

based tunable lasers. This improved tuning efficiency stems from the use of resonant oscillation 
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in nanomechanical oscillator with a high mechanical Q-factor, which can enhance the 

mechanical responsivity in response to the applied RF drive by several orders of magnitude 

compared to the static mechanical response. It is also possible to further increase the tuning 

efficiency by improving the mechanical Q-factor28.  

 

The lasing characteristics that are varied periodically by the rapid mechanical oscillatory 

motion allow monitoring the mechanical state of the oscillator in real time. Strong coupling 

between mechanical modes and amplified optical fields in the integrated gain media may 

enable the realization of an innovative class of devices to study light-matter interaction in active 

optomechanics cavities29,30. Also, the direct observation of time-varying material properties in 

the oscillator can provide insights into building a time crystal, which requires the state of an 

object to be modulated periodically in time31. While the oscillation frequency of the current 

device is at the MHz range, it should be possible to increase the oscillation frequency beyond 

the GHz range by optimizing the geometry of the oscillator32 for enabling a high-frequency 

nanomechanical time crystal and high-speed optical communication (Supplementary Note 12). 

Our demonstration of a direct coupling between lasing emission and mechanical motion offers 

a practical solution for ultra-small and low-power mid-infrared tunable lasers integrated on Si 

while providing possibilities of nanomechanical concepts for a broad range of optoelectronics 

applications.  
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Figure legends 

Fig. 1 | Design of a GeSn nanomechanical oscillator for actively tunable laser action.  a, 

Schematic illustration of an actively tunable laser consisting of a nanomechanical GeSn 

oscillator integrated with corner-cube and end facet mirrors for an optical cavity. The GeSn 
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oscillator is actuated by an RF drive applied on the metal electrodes, inducing periodically 

varying lattice strain in the lasing medium over time. The lasing medium is photo-excited with 

a 1550-nm pulsed laser. Top inset: cross-sectional transmission electron microscopy image of 

the GeSnOI substrate. Scale bar, 400 nm. Bottom inset: tilted-view scanning electron 

microscopy image of the fabricated GeSn nanomechanical oscillator. Scale bar, 5 µm. b, Top: 

top-view SEM image. Scale bar, 10 µm. Bottom: simulated optical field distribution in the 

GeSn oscillator. Strong optical confinement between the corner-cube mirror and the end facet 

of the oscillator is observed in the cavity. c, Evolution of emission spectra from the GeSn 

oscillator measured without mechanical actuation. A clear transition from a broad spontaneous 

emission to single-mode lasing is observed by increasing the pump power density. The 

emission intensity of the bottom and middle spectra are multiplied by a factor of 1200 and 600, 

respectively. 

 

Fig. 2 | Mechanical characterization and simulation. a, Mechanical responses of the 

oscillator actuated by RF drive with different amplitudes from 1 V to 5 V. The mechanical 

resonance is at 3.062 MHz and the FWHM is about 3 kHz. The measurements are conducted 

at 300 K in a low-pressure environment of 1 mbar. b, Calibrated displacement of the oscillating 

cantilever (blue circles) as a function of the RF drive measured in panel a. The displacement 

has a linear dependence with the amplitude of RF drive, with a responsivity of 4.4 nm V–1 as 

fitted by the dashed blue line. c, 3D finite element method simulations of strain distributions 

in the GeSn oscillator with different bending directions (deformation is exaggerated for better 

visualization). Panels below the tilted 3D views depict the corresponding strain distribution in 

the x-z cross-section. Blue (red) colour indicates compressive (tensile) strain. Black dashed 

lines in the cross-sectional views indicate the neutral line in the strained beam. d, Time-domain 
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characteristics showing RF drive (top), mechanical displacement (middle), and induced strain 

(bottom).  

 

Fig. 3 | Laser emission characteristics from an actuated oscillator. a, PL measurement 

scheme. Top insets show mechanical simulation results under different bending motions. The 

GeSn gain medium is pumped with a pulsed laser with a short pulse width of 1 ns (blue vertical 

bar) that is significantly shorter than the oscillation period, enabling the observation of lasing 

emission from the oscillator under specific bending motions. b, Lasing spectra from the device 

at different relative phases ΔΦ from 0° to 360° with a 30°/step at a fixed RF drive VRF of 10 V. 

Inset: magnified view of lasing spectra for Peak 1 and Peak 2 measured at relative phases from 

90° to 270° with the same step of 30°. c, Corresponding emission wavelength (top), intensity 

(bottom), and FWHM (inset) of Peak 1 and Peak 2 as a function of the relative phase are plotted 

by using a Lorentzian fitting to the experimental data.  

 

Fig. 4 | Theoretical analysis for the laser tuning behaviour. a, Calculated refractive index 

change Δn as a function of the relative phase in a vibrating GeSn oscillator. b, Calculated 

material gain for GeSn with a Sn content of 10.6 at% under various uniaxial strains. c, 

Simulated optical spectrum of the cavity design used in this study. 
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Note 1. Gradient force 

The force considered here is related to a fundamental property of any dielectric material: 

its polarizability. When a small dielectric body is placed in an inhomogeneous electric field, 

it is polarized, and a net dipole appears in the direction of the field. The body is then driven 

towards to the high electric field region, resulting in a net force. Such forces appear for any 

material that has a linear susceptibility, and in that sense, they are universal1. It is worth 

noting that this gradient force-based driving scheme has been successfully employed for 

various semiconductor and dielectric materials1-3. 
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Note 2. Sample preparation 

The GeSn layer was grown on a Ge virtual substrate on a 6-inch Si wafer by low-pressure 

chemical vapor deposition (LPCVD). The Sn content in the GeSn layer varies from ~8 at% 

to ~10.6 at%. At the bottom part of the GeSn layer, the Sn content is ~8 at%. As the 

thickness increases, the compressive strain relaxes at a critical thickness (~200 nm), 

allowing more Sn atoms to be introduced into the lattice. This results in a compositional Sn 

gradient, for a thickness of ~400-nm. Finally, the strain cannot relax any further and remains 

constant, resulting in a top layer with a Sn content of 10.6 at% and a thickness of ~300 nm4. 

Supplementary Figure 1a shows a cross-sectional schematic of the material stack for an as-

grown sample. The transmission electron microscope (TEM) image is shown in the inset of 

Supplementary Fig. 1a, showing the defective GeSn/Ge and Ge/Si interfaces5, which occur 

because of the significant lattice mismatches in the system. Supplementary Figure 1b shows 

a cross-sectional schematic of the final GeSnOI material stack used in this study, while the 

inset shows the same TEM image presented in Fig. 1a in the main text. The fabricated 

GeSnOI substrate consists of a GeSn layer with a Sn content of 8 at% at the upper part and 

10.6 at% at the lower part. It is worth mentioning that the lower part of the GeSn layer (10.6 

at%) has a smaller material bandgap compared to that of the upper part (8 at%) due to the 

higher Sn composition6. When the GeSn layer is subjected to optical excitation, 

photoexcited carriers are funnelled into the lower part with a smaller bandgap7. Even when 

the oscillator bends downward inducing tensile (compressive) strain in the upper (lower) 

part of the oscillator, the lower part still has a smaller bandgap than the upper part, serving 

as a gain medium. 

 

To provide further insight into the bandgap of the compositionally graded GeSn layer, we 

conducted band structure calculations using the 8-band k⋅p method. In Supplementary Fig 

2a, we present the calculated bandgap energies of the GeSn layers with 8 at% and 10.6 at% 

as a function of uniaxial strain at 4 K. It is evident that the 10.6 at% GeSn under the 

compressive strain of –0.1% (red circle) retains a much smaller bandgap compared to 8 at% 

GeSn under the tensile strain of 0.1% (blue square). This is because the Sn content 

difference of 2.6 at% contributes to the bandgap reduction much more significantly than 

the strain difference between –0.1% compressive and 0.1% tensile strains6. 
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It should be noted that the alignment of band edges within the GeSn layers plays a crucial 

role in determining the gain medium of the laser. To investigate the band edge alignment of 

our compositionally graded GeSn layer, we calculated the band diagram along the sample 

depth direction, as depicted in Supplementary Fig. 2b. Our analysis considered the 

conduction band (Ec) and valence band (Ev) edges of the bandgap. In the upper part of the 

GeSn layer from 0 nm to ~500 nm, the increasing Sn content along the depth direction 

reduces the bandgap, leading to a tilted band edge. Such a tilted band edge is widely 

exploited in many semiconductor lasers employing graded heterostructures to improve the 

laser threshold by confining the carriers in the smaller bandgap region7-10. On the other 

hand, in the lower part of the GeSn layer from ~500 nm to 800 nm, the uniform Sn content 

leads to unaltered band edges. The tilted band edge in the upper part induces a carrier 

funneling effect, causing photoexcited carriers in the GeSn layer to funnel from the large 

bandgap (upper part) to the small bandgap (lower part). This results in carrier accumulation 

in the lower part of the GeSn layer, allowing the lower part of the GeSn layer to serve as a 

gain medium. 

 

To produce the GeSnOI sample, a direct wafer bonding process was adopted as 

schematically shown in Supplementary Fig. 3a. A Si handle wafer with a 1000-nm thick 

silicon dioxide (SiO2) layer was prepared. Both the Si handle wafer and the carrier wafer 

with an epitaxial GeSn layer were diced into 3 cm2 chips. These chips were cleaned using 

acetone and isopropanol, followed by the deposition of a 200-nm thick Al2O3 layer using 

atomic layer deposition (ALD). Furnace annealing was performed at 250 ºC to outgas any 

residual gas in the layers. Chemical mechanical polishing (CMP) was used to achieve a 

smooth surface for bonding, which is required to obtain a high bond strength. Then, the two 

surfaces of the handle and carrier chips were made to contact for a pre-bonding. Annealing 

at 250 ºC was performed in an inert ambient condition with N2. The top Si layer in the 

carrier chip was etched by a combination of mechanical polishing and wet etching using 

potassium hydroxide (KOH). A final CMP step was used to remove the Ge buffer layer 

(including the defective interfaces), resulting in the final GeSnOI with a high-quality GeSn 

layer with minimized defects.  
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Supplementary Figure 3b shows the schematic fabrication flow for the GeSn oscillators. 

The photoresist AZ5214E was spin-coated at 6000 rpm for 90 seconds to produce a 

thickness of 1100-nm, followed by a hot plate bake for 90 seconds at 110 ºC. 

Photolithography with ultraviolet (UV) radiation was then used to define GeSn cantilever 

structures and corner cube mirrors. Anisotropic reactive ion etching (RIE) using chlorine-

based gases was used to pattern the GeSn layer. Wet etching using hydrofluoric (HF) acid 

was then employed to undercut and suspend the cantilever structure by removing all the 

Al2O3 layer and a part of the SiO2
 layer under the patterned GeSn cantilever structure. A 

harmful residual compressive strain in the GeSn layer was relaxed during the wet etching 

process11. A second photolithography step was used to produce metal contacts on the 

remaining SiO2 layer, which were used to apply the radio-frequency (RF) drive. Deposition 

of the metal electrodes was achieved by using electron beam evaporation (EBE) with a 20-

nm chromium and 180-nm gold layers, followed by a solvent-based lift-off process.  

 

Raman spectroscopy was used to verify that the residual compressive strain in the 

suspended cantilever had relaxed. We used a ×100 objective lens to focus a 532-nm pump 

laser onto the GeSn cantilevers with a spot diameter of ~1 um. The experimentally obtained 

Raman spectra of the fabricated devices at the cantilever center are displayed in 

Supplementary Fig 4. We observed a 1.8 cm−1 Raman peak shift between the unrelaxed 

(294.2 cm−1) and relaxed (292.4 cm−1) GeSn cantilever. Using a Raman-strain shift 

coefficient12 of 521 cm−1, the associated residual compressive strain of the GeSn layer was 

calculated to be ~0.35%.  
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Note 3. Experimental setups 

Photoluminescence (PL) measurements: Supplementary Figure 5a shows a schematic of 

the PL measurement setup. Firstly, the samples are mounted inside a helium cryostat, which 

can function between 4 and 300 K. A free space 1550-nm pulsed laser (CoLID-I-1550, 

Connet Laser Technology) with a pulse width of 1 ns is used to produce the input pump. 

The pump laser was coupled into a ×15 reflective objective which was used for two 

functions: (1) it focuses the pump laser onto the center of the cantilever and (2) it collects 

the generated output signal from the cantilever. The measured output signal is reflected by 

the half mirror and coupled into a Fourier transform infrared (FTIR) spectrometer with a 

spectral resolution of ~0.15 nm. Finally, the output signal passes through a long-pass filter 

(LPF) to remove the pump laser signal before entering an extended InGaAs (IGA) detector 

to produce the spectrum. During the relative phase ΔΦ and RF drive VRF dependence 

measurements, the device is optically pumped at 4 K by a 1550-nm pulsed laser at a fixed 

pump power of 56.9 kW cm−2. To synchronize the pump laser to the RF drive, the pump 

laser was phase-locked to the RF drive while both frequencies of pump laser and RF drive 

were fixed at mechanical resonant frequency of 3.174 MHz. A tunable RF phase delay was 

used to control the RF phase relative to the pump laser. 

 

Mechanical measurements: The device is inserted in a vacuum chamber (~1 mbar) at room 

temperature for the micro-mechanical characterizations. Supplementary Figure 5b presents 

the homebuilt optical microscope to measure the mechanical oscillation of a single device. 

A microscope objective (N.A. = 0.5) is employed to focus the near-infrared probe laser (λ 

= 930 nm) onto the device under test with a spot size on the order of 1 μm in diameter. This 

laser beam will be modulated and reflected by the oscillating cantilever, which is then 

collected by the same objective, split into two paths by a D-shape edge, and recorded by a 

balanced photodiode (Thorlabs PDB110A). This optical probing method is very sensitive 

and allows exceptional signal to noise ratio. Therefore, the Brownian motion peak induced 

by the thermal noise in the environment can be well-resolved in the mechanical RF 

spectrum, which is critical for the mechanical calibration as shown later in Supplementary 

Note 5. A spectral analyser (Agilent CXA N9000A) is used to visualize the Brownian 

motion mode of the nanomechanical device and its mechanical responses to RF drive. 
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Note 4. Laser characteristics 

Supplementary Figure 6a shows light-in light-out (L-L) characteristics of GeSn cantilever 

under 1550-nm pulsed laser excitation in the absence of RF drive. The measurement was 

carried out at 4 K. The observation of clear threshold behaviour in the L-L curve provides 

unequivocal evidence of lasing action. Using a linear fit, we obtained a threshold power 

density of 50.4 kW cm−2 (corresponding to 50.4 µJ cm−2). It should be noted that the 

threshold value of our device is comparable with other GeSn-based group IV lasers13-15. 

The threshold power density can be improved via several approaches such as improving 

the bandgap directness of the GeSn gain medium and optimizing the optical cavity design. 

The bandgap directness of GeSn can be improved by introducing a static tensile strain in 

the GeSn gain medium using external stressor layers16. Optimizing the cavity design, such 

as employing photonic crystal cavities, may also reduce the lasing threshold by reducing 

optical losses. Additionally, the double-logarithmic plot in the inset exhibits typical S-

shaped emission. Supplementary Figure 6b presents the full-width at half-maximum 

(FWHM) of the lasing peak as a function of pump power density. A reduction in the FWHM 

from ~2.21 nm to ~ 0.65 nm was observed which provides additional evidence of lasing. 
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Note 5. Mechanical measurements and analyses  

To investigate the mechanical eigenmode of the device, the mechanical experiments are 

conducted by directly measuring the Brownian motion peak induced by the thermal noise 

in the surrounding environment. Supplementary Figure 7a presents the experimental 

Brownian motion peak (blue dots) of the device, which can be well fitted by the red curve, 

i.e., a sum of a Lorentzian distribution (blue line) and a noise floor (black dashed line). This 

peak is measured at 3.062 MHz with a quality factor of ~1000, corresponding to the 

fundamental out-of-plane flexural vibration mode of the beam. This Brownian motion peak 

can be exploited for calibration of the mechanical response3,17. By relating its power density 

spectrum to the thermal energy "!# (where "! is the Boltzmann constant and # is the 

temperature), one can convert the measured signal from voltage power spectral density Svv 

(V"/Hz) to the motion power spectral density Szz (pm"/Hz) as shown in Supplementary 

Fig. 7a, from which the displacement of the mechanical beam is accessible. The 

fundamental out-of-plane flexural vibration mode of the beam is visualized by the finite 

element method (FEM) in Supplementary Fig. 7b. 

 

To explore the mechanical response to the periodic external drive, the RF drive applied to 

the metal electrodes is modulated using a function generator and the resultant driving 

voltage is in the form of *#$ = *% ∙ cos	(2%3), where *% is the peak voltage amplitude, and 

2% is the modulated driving frequency that is close to the mechanical resonance frequency 

2& for strong amplitude responses amplified by the mechanical mode. The mechanical 

response of a single device is then characterized by the measured voltage amplitude 

recorded in a balanced photodetector while sweeping 2% over the mechanical mode with 

different values of *% from 1 to 5 V. The results are shown in Fig. 2a in the main text, 

where the measured voltage amplitude reaches its maximum when 2' ≈ 2& and increases 

monotonically with *#$. Each measured voltage amplitude values can be calibrated into 

oscillation displacements in the unit of nanometer, as shown in Fig. 2b in the main text. 

The calibrated maximum displacement as a function of RF drive shows a linear dependence 

on the RF drive with a responsivity of 4.4 nm V–1. From this result, the maximum 

displacement 67 is calculated to be 22 nm at an applied RF drive of 5 V. 
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We also calculated the dielectric gradient force created by the RF drive to estimate the 

lattice strain in the vibrating cantilever induced by the mechanical displacement. When 

applying an RF drive to actuate the cantilever that vibrates in the fundamental out-of-plane 

flexural mode, the effective dielectric driving force can be estimated by considering the 

model of a one-dimensional simple harmonic oscillator. The effective mass of such 

oscillator can be calculated by 8()) = **

+,&
9* ≈ 29 pg, where 9 = 5.5 × 10*	kg	m-* is 

the average density of GeSn, and * is the volume of the beam. The effective stiffness is 

then calculated as "()) = 8()) ⋅ (2CD)" = 10.7	N m–1, with the resonance frequency D =
3.062	MHz in the present case. At an RF drive of 5 V, the dielectric gradient force applied 

onto the cantilever is expressed by I = .!""
/
67~0.24 nN in which the mechanical factor 

L  is 1000 and the maximum displacement of the beam 67~22 nm. By inserting the 

estimated dielectric gradient force in the FEM simulations, one can estimate the magnitude 

of the strain and investigate the force-strain relation. As a result, the dielectric gradient 

force I of 0.48 nN when an RF drive of 10 V is applied, and the cantilever experiences 

average strain 6M00 of 0.1% in the lower part of the GeSn layer with a linear dependence 

on the driving force, as shown in Supplementary Fig. 8.  

 

Based on the simulation result above, time-domain mechanical characteristics are 

analytically investigated. The time-dependent displacement can be expressed as N(3) =
67 ∙ cosO2%3 + QR, where Q is a phase delay between RF drive and mechanical oscillation. 

The phase delay can be deduced from the motion equation of a driven harmonic oscillator 

N̈ + 1#
/
Ṅ + 2&"N = Isin	(2'3) , which results in Q = 3WX-+ Y 1#1$

/21$
%-1#

%3
Z . The response 

function of such a driven harmonic oscillator is depicted in Supplementary Fig. 9. In a 

resonantly driven oscillator (2' ≈ 2& ), the phase delay is calculated to be Q~ −90°. 

Owing to the linear dependence on RF drive, both the mechanical displacement 67 and 

lattice strain 6M00	show a sinusoidal dependence on RF drive with a phase shifted by −90°. 

The time-dependent lattice strain can be expressed as expressed as M00(3) = 6M00 ∙cosO2%3 + QR, where 6M00 is the average strain of 0.1% at an applied RF drive of 10 V.   
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Note 6. Finite element method simulation 

3D FEM simulations are performed for further investigations of strain in the oscillating 

cantilever. The model was constructed using the same dimensions as our fabricated 

structure. The mechanical eigenfrequency of the fundamental out-of-plane flexural mode 

in such a cantilever is first calculated to be 245/2C~3.046 MHz, in great agreement with 

the experimental result. The dielectric gradient force is loaded on the oscillating beam, with 

a value on the order of 0.48 N to mimic the dielectric gradient forces generated by a 10 V 

RF drive, as estimated in Supplementary Note 5. 
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Note 7. Influence of mechanical oscillation on laser emission intensity 

To investigate the influence of mechanical oscillations on laser emission intensity, we first 

calculated the maximum bending angle that the oscillator could experience during 

mechanical actuation. The calculated maximum bending angle is 0.18° with the highest 

displacement of ~44 nm at an RF drive of 10 V. Based on our finite-difference time-domain 

(FDTD) simulations, the simulated intensity difference between the oscillators bent by 0° 

and 0.18° is less than 0.1%, indicating that the mechanical displacement of the oscillator 

has negligible influence on the laser emission intensity. 
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Note 8. Influence of RF drive amplitude on the laser emission 

To further understand the effect of mechanical motion on the lasing emission, we obtained 

lasing spectra by sweeping the RF drive amplitude from 0 V to 10 V (Supplementary Fig. 

10a). The relative phase is fixed at 270°, at which the lasing medium is under the maximum 

tensile strain (Fig. 3a in the main text). The three key parameters—wavelength, intensity, 

and FWHM—of the lasing spectra are plotted in Supplementary Fig. 10b. Under no RF 

drive, the dominant peak is at ~2266.5 nm, which is the expected value for the oscillator 

with no mechanical displacement. As the RF drive amplitude is increased, Peak 1 at 

~2266.5 nm is gradually shifted to a longer wavelength due to the strain-induced refractive 

index change, as explained in Fig. 4a in the main text. As the RF drive amplitude is further 

increased beyond 6 V, Peak 2 emerges at >2303 nm and grows in intensity significantly at 

larger RF drive amplitudes, which can be attributed to the modified gain spectra under large 

tensile strain. It should be noted that the existence of a small peak between Peak 1 and Peak 

2 can be attributed to the non-uniform distribution of photoexcited carriers in the lasing 

medium under pulsed laser pumping condition, allowing for the existence of different-order 

lasing modes16. The peak position of this optical mode is largely consistent with the 

simulation result (Fig. 4c in the main text). The lasing mode at Peak 1 is quenched at larger 

RF drive amplitudes and disappears at ~10 V. We obtained the coarse-tuning range of ~37.6 

nm (equivalent to ~2.2 THz) with the fine-tuning range of ~1 nm (equivalent to ~50 GHz) 

with a relatively small RF drive of 10 V. It is worth mentioning that the tuning range of our 

tunable laser can be further increased by using several approaches. One straightforward 

approach is increasing the mechanical oscillation amplitude, leading to a higher lattice 

strain in the GeSn gain medium. Since the mechanical oscillation relies on the RF drive, 

increasing the RF drive voltage can enable achieving a wider coarse-tuning range in our 

device. Another powerful approach involves enhancing the mechanical Q-factor of our 

resonantly driven oscillator. Since the enhanced mechanical Q-factor can amplify the 

mechanical responsivity in response to the RF drive, it allows for achieving higher 

mechanical oscillation amplitude and therefore higher lattice strain in the gain medium at 

the same RF drive voltage. The significance of harnessing high Q mechanical resonances 

for tunable lasers can be further appreciated by referring to the static tuning results with 

DC bias voltages, where a much higher voltage is required to achieve the same amount of 
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tuning (see more details on the DC-tuning measurements in the next paragraph). 

Importantly, this improvement in the mechanical Q-factor can also result in reduced power 

consumption for the emission wavelength tuning. 

 

Under the AC-tuning with an RF drive amplitude of 10 V, our resonantly driven 

nanomechanical oscillator shows the blue-shift of ~0.2 nm at the maximum compressive 

strain, as shown in Figure 3c (top panel) in the main text. Given the mechanical Q-factor 

of ~500, achieving the same amount of blue-shift (i.e., ~0.2 nm) with a DC drive requires 

the application of a 500-time higher DC voltage. In our case, the required DC bias voltage 

to achieve a ~0.2 nm blue-shift is estimated to be ~3500 V, which is 500 times higher than 

a root-mean-square voltage of ~7 V corresponding to an RF drive of 10 V. Since applying 

such a high DC bias voltage is challenging due to an electrical breakdown of the insulator 

layer underneath the metal electrodes, we reduced the DC bias voltage by approximately 

one-tenth, which is expected to result in a proportional reduction in the tuning range. 

 

Supplementary Figure 11 presents the result of the DC-tuning measurement at different DC 

bias voltages. When the DC bias voltage is increased from 0 V to 300 V, the emission 

wavelength is blue-shifted by ~0.019 nm due to the compressive strain in the gain medium, 

which largely agrees with our expectation explained in the previous paragraph. Although 

the tuning range is reduced by one-tenth compared to our AC-tuning, the achieved tuning 

range is comparable to that enabled by electro-optic tuning mechanisms in nonlinear 

materials such as lithium niobate, which show the emission tuning of ~0.010 nm18-20. This 

DC-tuning result further demonstrates the pivotal role of leveraging mechanical resonance 

in nanomechanical oscillators with a high mechanical Q-factor in achieving highly efficient 

emission tuning. 
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Note 9. Capacitive effect on the laser emission 

To investigate the capacitive effect that can alter the refractive index via charge 

accumulations and its influence on the laser emission, two additional PL measurements 

were performed: first with DC bias at different voltages and second with RF drive at 

different frequencies.  

 

In the first additional PL measurement, we examined the influence of DC bias on laser 

emission. Supplementary Figure 12a presents laser emission spectra measured at various 

DC bias voltages. No laser emission wavelength shift is observed across various DC 

voltages, indicating that charge accumulation induced by DC bias has a negligible influence 

on the laser emission.  

 

In the second additional PL measurement, we measured the laser emission spectra at 

different RF drive frequencies, as depicted in Supplementary Fig. 12b. The RF drive 

voltage and the relative phase between the RF drive and optical pump pulse are fixed at 5 

V and 270°, respectively. The emission wavelength is shifted only at 3.15 MHz, which 

corresponds to the mechanical resonance frequency, while the emission peak position 

remains the same at any other frequencies. It should be noted that if the charge 

accumulation by the RF drive would lead to a significant change in the local refractive 

index in the gain medium, the laser emission spectra should also shift by the applied RF 

drive regardless of the driving frequencies. However, since the emission wavelength is 

shifted only at 3.15 MHz, we confirm that the laser emission shift is mainly due to the 

resonant mechanical oscillation, and the capacitive effect is negligible in our tunable laser. 

 

  



 15 

Note 10. Theoretical modelling for optical gain 

Theoretical modelling was conducted for GeSn with a Sn content of 10.6 at% at 4 K. We 

first calculated the band structure using the 8-band k⋅p model for the uniaxially strained 

GeSn ranging from −0.1% to 0.1% strain. The optical gain was then calculated with the 

assistance of the expressions provided by Chuang21. Liu et al.22 were referenced for the 

Luttinger parameters of the GeSn combination, and the remaining parameters can be found 

in Rainko et al.23 The optical gain was calculated at fixed carrier injection densities of 2.6 

× 1017 cm−3 that corresponds to pump power density of 56.9 kW cm−2. 
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Note 11. Estimation of power consumption in laser tuning 

We tune the lasing wavelength by driving the mechanical oscillation of the cantilever using 

a dielectric driving scheme, which is achieved by applying RF bias to electrodes to generate 

gradient force that will load on the cantilever. In our device, such a driving system can be 

modeled as RC circuit (as shown in Supplementary Fig. 13), with a total power dissipation 

expressed as: 

\67 = \(8(9 + \:(95 

in which \(8(9 or \:(95 is the electrical power or mechanical power respectively. 

 

The mechanical power dissipation can be estimated simply by: 

\:(95 = 〈I ∙ *〉 = I ∙ 67 ∙ 2:2  

where I is the driving force loaded on the cantilever, 67 is the resulting displacement, 

and 2: is the oscillation frequency. We learn from Supplementary Note 5 that, with an 

RF drive of 10 V, we have I~0.48 nN, 67~44 nm, and 2: = 2C ∙ 3.062	MHz. This 

results in \:(95~200 pW. 

 

To calculate the electrical power \(8(9, we estimate the impedance of the RC circuit by: 

N(2) = `;<=1 + a2b`;<= 

We measured the I-V characteristics of the device and found `;<= is on the order of 10+"Ω. 

The two electrodes can be considered as operating as even mode capacitance of a slot line 

of length d, and therefore the capacitance of the circuit can be estimated by24: 

b ≈ M&(M + 1)2 d 

where	M& is the vacuum permittivity, M~4 is the relative permittivity of the substrate, and 

d ~20 µm is the length of the electrode. As a result, we obtain a capacitance b about 

4 × 10-+>  F. Then we obtain the impedance N(2) ≈ 1.6 ∙ 10, − a ∙ 1.3 ∙ 10?Ω . 

Eventually we can calculate the electrical power dissipation when driving by a 10V RF bias: 

\(8(9 = *"`e(N)2 ∙ |N|" ~50	gh 

The above estimation reveals that not only \(8(9 and \:(95 are of similar magnitude, but 
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also the mechanical dissipation is significantly higher than the electrical dissipation of the 

modulator. This suggests that, in the system, the mechanical dissipation (corresponding to 

an effective “mechanical resistance” `:) is highly efficient as compared to the dissipation 

to the substrate (which corresponds to `;<=). As a result, the mechanical oscillation can 

modify substantially the impedance of the entire system, and thus we need to consider `: 

to accurately estimate the total power dissipation \67. 

 

To provide such estimation, we first use the fact that any mechanical resonator can be 

identically mapped into an electrical LRC circuit. Furthermore, as shown in Supplementary 

Note 5, the driving force F is proportional to the bias applied on the capacitor C. Therefore, 

we can regard the mechanical oscillator as a LRC circuit that is parallel with the capacitor 

(see Supplementary Fig. 14). When at resonance, the reactive effects of the inductor and 

capacitor cancel each other out, resulting in a purely resistive circuit where \:(95 = @%

"A&
. 

Thus, from the previous calculation of \:(95 ~200 pW, we can extract the effective 

mechanical resistance `:~0.25 TΩ. This resistance is in parallel with the `;<=~1 TΩ, thus 

the entire system can be sketched as Supplementary Fig. 15 where the total resistance of 

the system is `())~0.2 TΩ. We then can calculate the impedance of the RC circuit again 

but this time with `()) and obtain N(2) ≈ 8 ∙ 10, − a ∙ 1.3 ∙ 10? Ω.  

 

Eventually, we calculate again the electrical dissipation: 

\67 = *"`e(N)2 ∙ |N|" ~240	gh 

which is very similar to the mechanical dissipation \:(95~200 pW. Indeed, in that case the 

“mechanical” resistance is much smaller than the leakage through the substrate, and only 

the mechanical dissipation dominates our system. This further indicates that our modulation 

scheme operates with very high efficiency, as 200/240≈83% of the injected RF power is 

effectively used for the modulation function. Note that, a possible way to cancel further the 

effect of the substrate resistance `;<= and render the system nearly 100% effective would 

be to etch a trench between the two electrodes. 

  



 18 

Note 12. Approaches to increase oscillation frequency 

The mechanical oscillation frequency of the nanobeam can be estimated based on the Euler-

Bernoulli theory25. This theory allows to solve the equation of motion and calculate the 

flexural vibration frequencies of a nanobeam. The equation is as follows: 

D = b2Ci j129 kl² 
Here, j represents the Young's modulus, 9 is the material density, and k and l denote 

the thickness and length of the oscillating beam, respectively. The constant b is associated 

with the fundamental flexural mode and equals 3.5 for a cantilever structure. 

 

There are various methods that can be employed to increase the oscillation frequency. One 

straightforward approach is to change the design parameters such as increasing the 

thickness k and reducing the length l of the GeSn nanobeam. Alternatively, employing a 

doubly-clamped nanobeam, which increases the value of constant b  to 22.4, can also 

increase the oscillation frequency. Another effective technique is to introduce a static strain 

into the current device structure, which increases the stiffness of the nanobeam, resulting 

in a higher oscillation frequency26. Additionally, it is also possible to achieve higher 

oscillation frequency by utilizing higher-order modes of mechanical oscillation, as 

demonstrated in a reference27. 
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Supplementary Figures 

 

Supplementary Figure 1 | GeSn material characterization. Cross-sectional schematics of 

the material stack for the a, as-grown GeSn and b, GeSnOI substrates. The cross-sectional 

TEM images of each substrate are shown in the inset. Scale bars, 450 nm (a), 400 nm (b).  

 

 

Supplementary Figure 2 | a, Calculated bandgap of the GeSn layers with Sn contents of 

8 at% and 10.6 at% as a function of uniaxial strain at 4 K. b, Calculated band diagram of 

the compositionally graded GeSn layer along the sample depth direction.  
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Supplementary Figure 3 | Fabrication procedures. a, Bonding process used to produce 

the GeSnOI substrate. b, Fabrication process of a GeSn oscillator. 

 

 

Supplementary Figure 4 | Raman spectroscopy showing the relaxation of the residual 

compressive strain in the GeSn cantilever after wet etching process. A bulk Ge substrate is 

measured for reference. 
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Supplementary Figure 5 | Experimental setups. Schematics showing the a, PL and b, 

mechanical measurement setups. 

 

 

Supplementary Figure 6 | Lasing characteristics. a, L-L characteristics of the fabricated 

cantilever-type GeSn laser at 4K. b, FWHM as a function of pump power density for the 

same device. 

 

 

Supplementary Figure 7 | Mechanical characterization and calibration. a, The 
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experimental Brownian motion spectrum (blue dots, measured with 200 Hz resolution 

bandwidth) can be well fitted by the red curve, which is a sum of a Lorentzian distribution 

(blue solid line) and a noise floor (black dashed line). By relating this spectrum to the 

thermal noise "!#, one can convert the voltage power spectral density Svv (right y-axis) to 

the motion power spectral density Szz (left y-axis). b, FEM simulation of the fundamental 

out-of-plane flexural vibration mode to visualize the mechanical displacement. 

 

 

Supplementary Figure 8 | Force-dependent FEM simulation result revealing that the strain 

induced by mechanical oscillation is linearly dependent on the driving force. 

 

 

Supplementary Figure 9 | The mechanical response function of the driven harmonic 
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oscillator. 

 

 

Supplementary Figure 10 | Influence of RF drive amplitude on the laser emission and 

performance comparison. a, Lasing spectra measured under different amplitudes of RF 

drive from 0 V to 10 V with a 1 V/step. The relative phase ΔΦ is fixed at 270°. Inset: 

magnified lasing spectra of Peak 1 and Peak 2 at RF drive VRF = 6-10 V. b, Extracted 

emission wavelength (top), intensity (bottom), and FWHM (inset) as a function of the 

applied RF drive for Peak 1 and Peak 2. A continuous and wide-range tuning is observed 

as the applied RF drive is increased. 
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Supplementary Figure 11 | Normalized laser emission spectra at various high DC bias 

voltages. Inset: The amount of the emission peak shift as a function of the DC bias voltage. 

 

  

Supplementary Figure 12 | a, DC bias voltage-dependent laser spectra of the oscillator. 

Inset: peak emission wavelength as a function of the DC voltage. No laser emission shift is 

observed under any DC bias. b, RF drive frequency-dependent laser spectra of the oscillator. 

Inset: peak emission wavelength as a function of RF drive frequency. The lasing peak is 

shifted only when the RF drive frequency is synced to the mechanical resonance frequency 

of 3.15 MHz. 
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Supplementary Figure 13 | Equivalent electrical circuit of the system. 

 

 

Supplementary Figure 14 | Equivalent electrical circuit of the system considering 

mechanical impedance. 

 

 

Supplementary Figure 15 | Equivalent electrical circuit of the system at resonance. 
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Supplementary Table 

Ref. Tuning mechanism 

Coarse-tuning range 

(nm) 

[in frequency] 

Fine-tuning range 

(nm) 

[in frequency] 

Power consumption 

for wavelength 

tuning 

(nW) 

Tuning efficiency 

(nm/nW) 

[in frequency] 

3 Thermal 
12.5 

[6.1 THz] 

0.07 

[33.9 GHz] 
6.0 × 107 

2.08 × 10–7 

[1.02 × 10–7 THz/nW] 

25 Thermal 
43 

[4.6 THz] 

2.5 

[270 GHz] 
3.4 × 107 

1.26 × 10–6 

[1.35 × 10–7 THz/nW] 

26 Thermal 
38 

[4.5 THz] 
N/A 2.6 × 107 

1.46 × 10–6 

[1.73 × 10–7 THz/nW] 

6 MEMS N/A 
18 

[7.4 THz] 
100 

0.18 

[0.07 THz/nW] 

27 MEMS N/A 
2.5 

[1.02 THz] 
50 

0.05 

[0.02 THz/nW] 

9 Electro-optic 
35 

[4.4 THz] 

1.7 

[212 GHz] 
1.0 × 107 

3.50 × 10–6 

[4.4 × 10–7 THz/nW] 

10 Electro-optic 
34 

[4.3 THz] 
N/A 2.8 × 106 

1.21 × 10–5 

[1.5 × 10–6 THz/nW] 

This work NEMS oscillator 
37.6 

[2.2 THz] 

1 

[50 GHz] 
0.24 

156.67 

[9.17 THz/nW] 

 

Supplementary Table 1 | Summary of performance metrics of various tunable lasers using 

thermal heater, MEMS cavity, electro-optic, and nanomechanical oscillator (this work). The 

reference numbers in Supplementary Table 1 correspond to the ones in the main text. The 

power consumption values in Table 1 are benchmarked only for the emission wavelength 

tuning, rather than the overall power consumption of the entire laser operation, since the 

lasers in Table 1 work under different operation schemes with respect to pumping and 

temperature. By focusing on this aspect of the tuning power consumption, we aim to 

provide valuable insights into the intrinsic emission tuning performance of various tuning 

mechanisms. 
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