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Abstract

:

Cavity optomechanical systems with an enhanced coupling between mechanical motion and electromagnetic radiation have permitted the investigation of many novel physical effects. The optomechanical coupling in the majority of these systems is of dispersive nature: the cavity resonance frequency is modulated by the vibrations of the mechanical oscillator. Dissipative optomechanical interaction, where the photon lifetime in the cavity is modulated by the mechanical motion, has recently attracted considerable interest and opens new avenues in optomechanical control and sensing. In this work we demonstrate an external optical control over the dissipative optomechanical coupling strength mediated by the modulation of the absorption of a quantum dot layer in a hybrid optomechanical system. Such control enhances the capability of tailoring the optomechanical coupling of our platform, which can be used in complement to the previously demonstrated control of the relative (dispersive to dissipative) coupling strength via the geometry of the integrated access waveguide.
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1. Introduction


Semiconductor nano-optomechanical systems have shown a rapid progress over the last years, with the demonstration of record optomechanical couplings, mechanical frequencies in the GHz range and above, and a well-controlled optical and mechanical dissipation [1]. For most of these systems, optomechanical coupling originates from a dispersive dependence of the nanocavity resonance frequency on its geometry, which is modulated by mechanical motion. Dissipative optomechanical coupling consists in the modulation of the lifetime of the cavity photons through the motion of a mechanical oscillator. Very recently, this effect has been observed in a wide variety of devices [2,3,4,5,6,7]. Dissipative coupling may significantly enhance the detection sensitivity in optomechanically-based sensing schemes [8,9]. Moreover, it could open new possibilities in the optomechanical control of systems featuring both types of coupling mechanisms [10,11], where a tailored coupling strength is highly desirable. Such tailoring was demonstrated using external [3] or integrated [6] variation of the geometry of the optical access channel to the nanocavity. These demonstrations, however, were based on the simultaneous modification of both types of couplings. Here we propose the possibility of exerting an external optical control exclusively of the intrinsic dissipative component of the optomechanical coupling within a hybrid optomechanical system by making use of a layer of semiconductor quantum dots (QDs). By introducing a non-resonant pump source, we achieve a deterministic modulation of the optical losses of the cavity induced by the QD absorption at frequencies close to the cavity resonance. We show that this optical modulation is sensitive to the mechanical motion of the device, coupled to the optical cavity resonance via an optomechanical interaction. Non-resonant external pumping of the QDs can saturate their absorption at wavelengths close to the cavity resonance, thus lowering or eliminating one of the intrinsic loss mechanisms of the cavity. The intrinsic dissipative coupling can therefore be controlled externally, deterministically and independently of the other coupling mechanisms. This can lead to a straightforward implementation of optomechanical resonators capable of reaching the optimal mixed coupling ratio in view of achieving an optimal optical cooling of the mechanical mode [11].




2. Materials and Methods


2.1. Device Fabrication


Silicon-on-insulator (SOI) access waveguide network, employed to couple light into and out of the photonic crystal (PhC) cavities, consists of 220 nm thick Si ridges, separated from the host Si substrate by a 2   μ  m thick buried    SiO 2    layer to ensure good confinement of the guided mode. Each sample features a set of waveguides of variable width (250 nm to 550 nm) ensuring single mode TE-polarised operation around 1560 nm wavelength. Single waveguide length is 6 mm. The light is coupled into and out from the waveguide using grating couplers [12] at its extremities. A 260 nm thick InP membrane layer, incorporating a single layer of self-assembled InAs(P) QDs in the middle, is grown on an InP(100) substrate using MetalOrganic Vapour Phase Epitaxy. The sample is capped with a 1   μ  m thick InGaAs layer, employed as an etch-stop layer. The Si and III–V substrates are adhesively bonded by employing a 200 nm thick    SiO 2    buffer layer, deposited onto the InP membrane, and a 250 nm thick DiVinylSiloxane-BenzoCycloButene (DVS-BCB) layer, deposited onto the SOI substrate. A residual 30 nm thick layer of cured DVS-BCB on top of the planarized Si waveguide layer is left after the completion of the bonding process (the two substrates are pressed together for 60 min at 320 °C). Next, the InP substrate and the InGaAs etch-stop layer are removed via wet etching, exposing the InP membrane. Pattern transfer of the PhC and mesa structures onto the latter is achieved via electron-beam lithography (EBL), reactive ion etching and inductively coupled plasma etching. The SOI waveguides and the PhC cavities are aligned making use of alignment markers present in the waveguide level, which ensured an alignment accuracy of ∼40 nm [13]. The excess InP membrane is removed by dry etching, with a layer of EBL resist which protects the PhC cavities and the supporting structures. The PhC membranes are suspended after wet chemical etching of the underlying    SiO 2    and subsequent critical point drying.




2.2. Photonic Crystal Design


Defect    L 3    PhC cavities are obtained by omitting three holes in a line of an otherwise perfect hexagonal lattice (lattice constant    a = 420    nm). The geometrical parameters of the PhC lattice and the cavities were designed using a commercial software from Lumerical Solutions, Inc., Vancouver, BC, Canada, implementing the 3D Finite Difference in Time Domain (FDTD) method. The    L 3    cavity mode wavelength was adjusted to approximately 1560 nm, resulting in PhC hole radii of    r ≈ 100    nm [14]. A hole at each end of the cavity was shifted outwards by    d = 0 . 2 a    to enhance the optical quality factor Q [15]. A    Q ∼  10 4     of the unloaded cavities (in the absence of the access waveguides) has been measured by micro-photoluminescence (  μ  PL) spectroscopy [16].





3. Results


3.1. System Description


The device consisting of a 2D PhC lattice etched into a thin InP membrane and embedding a defect    L 3    PhC cavity is shown in Figure 1a. The membrane is suspended with four bridges, connected to suspension pads at two sides, over a SOI waveguide in order to achieve a deterministic evanescent coupling of the guided light to and from the embedded cavity (Figure 1a). For full details on PhC structure design and the device fabrication procedure, see Materials and Methods. A layer of Stranski Krastanov QDs is incorporated in the centre of the membrane as the embedded light emitters (Figure 1b,c). Such InAs(P) QDs are suited for efficient non-resonant pumping below the InP gap with subsequent broadband emission in the near infrared range (Figure 1d). The PL spectrum of these QDs, filtered by the PhC cavity, provides information on the characteristics of the fabricated devices. For this purpose, we perform   μ  PL measurements by non-resonantly pumping the QDs with a continuous wave (CW) laser (    λ pump  = 800    nm). Emission from the PhC cavity is collected with a spectrograph (resolution 0.8–0.9 nm). Typical   μ  PL spectra, demonstrating the QD emission from an unpatterned area of the sample and from an    L 3    cavity, are displayed in Figure 1d. Pronounced peaks corresponding to band edge and cavity modes are well visible. The position of the excitation spot (typical size 3   μ  m) is indicated in Figure 1a. We notice a decrease of the loaded optical Q of the cavity by about about a factor of 10 due to the evanescent coupling to the SOI waveguide.




3.2. QDs Response to a Non-Resonant Optical Pump


InAs(P) QDs show optical absorption around 1550 nm (0.8 eV) by two-photon absorption. This increases the optical cavity losses and broadens its linewidth, which is resonantly probed in our optomechanical experiments. By saturating the active medium using the non-resonant pump laser it is possible to control such absorption (and the associated cavity linewidth), as we show in the following.



Initially, we study the emission properties of the QDs in a PhC cavity coupled to an access waveguide. Figure 2a describes the optical set-up, where for this purpose we only use a CW pump laser (    λ pump  = 800    nm), focused on the cavity surface by a microscope objective. The QD luminescence, filtered by the cavity and partially coupled to the SOI waveguide, is read out by the spectrometer after being outcoupled from one of the waveguide grating couplers through a microscope objective.



Although lasing from similar structures has been demonstrated at room temperature [17], we did not observe any kink in the light-in–light-out (L-L) curve under CW excitation (top graph in Figure 2b), suggesting that the lasing threshold is not reached in the current configuration, and the measured signal consists exclusively of the spontaneous emission of the active medium. This can be explained by additional losses of the optical cavity mode, induced by the presence of the access waveguide in its evanescent field. The linewidth of the cavity resonance decreases significantly (see bottom graph in Figure 2b) as the pump power is increased, demonstrating the progressive saturation of the QD absorption and consequently the decrease of the optical losses due to two-photon absorption. At high pump power (middle graph in Figure 2b) the emission wavelength red shifts, owing to thermal effects. Finally, a thermal degradation of the QD emission is observed at pump power larger than 1 mW with a simultaneous increase of the emission linewidth (bottom graph in Figure 2b) due to thermal fluctuations.



These measurements indicate that within a certain range of laser pump powers    P pump    the derivatives     g  ω , QD   = d  ω 0  / d  P pump     and     g  κ , QD   = d  κ t  / d  P pump     are non-zero (e.g., see the inset in Figure 2b), therefore we can establish an analogy with dispersive and dissipative coupling coefficients for the mechanical mode [3], where the modulation of the membrane coordinate is replaced by the modulation of    P pump    power. For an excitation power of     P pump  = 100      μ  W (excitation level at which no thermal effects degrading the QD emission are observed), the modulation coefficients are estimated to be     g  ω , QD   ≈ 275    MHz/  μ  W and     g  κ , QD   ≈ 33 . 5    MHz/  μ  W.




3.3. Optomechanical Transduction of Non-Resonant Pump


In our recent work [6], we reported on tailored dispersive and dissipative optomechanical couplings for the flexural mechanical modes of our devices. Here we investigate the impact of the embedded active medium on the optomechanical coupling by using an external modulation of the pump laser. To detect these effects, we employ the side-of-the-fringe technique, commonly used in optomechanical experiments for the detection of Brownian motion [1].



The experimental set-up is sketched in Figure 2a. We couple a probe laser signal into the SOI waveguide, the laser beam is coupled to the heterogeneously integrated PhC cavity, transmitted through the access SOI waveguide and collected from the output grating coupler through a microscope objective. We employ a sharp probe (≈200 kHz linewidth) at fixed wavelength instead of the full spectrum of the laser. The outcoupled light first is selectively amplified by a two-stage erbium doped fibre amplifier (EDFA). The first stage of the EDFA is followed by a 20 GHz wide spectral filter, locked to the probe laser resonance. The locking is controlled in real-time mode on an optical signal analyser (OSA; Anritsu MS9740A, Kanagawa, Japan), where a part of the amplified signal is directed (Figure 2a). This functionality allows us to perform wavelength sweep experiments while still ensuring stable signal amplification with high signal-to-noise ratios (SNR) and a noise figure at the level of state of the art EDFAs. Following the second path (Figure 2a), after amplification the probe signal power is adjusted by a variable optical attenuator (VOA; Thorlabs VOA50, Newton, NJ, USA) in order to match the working range of the detector input power. This probe signal is additionally filtered by the tunable (spectrally with variable linewidth) bandpass filter (BPF; Yenista WSM-160, Lannion, France), which allows to reduce the noise related to the modulation of the laser carrier at wavelengths different from that of the sharp probe (e.g., background of amplified spontaneous emission). The output signal of the fast photodiode (New Focus 1592, Irvine, CA, USA) is read out by the electric spectrum analyser (ESA; Rohde&Schwarz FSV7, Munich, Germany).



The PhC cavity is additionally externally pumped with     λ pump  = 800    nm CW laser at a pump power     P pump  = 34      μ  W. A small    P pump    modulation with a sine function at     Ω mod  / 2 π = 5 . 65    MHz is performed via the current modulation input of the pump laser diode controller (ILX Lightwave LDC-3724C, Bozeman, MT, USA) using a function generator. This modulation frequency is chosen close to the mechanical resonance frequency in order to have a comparable noise floor, but not too close (at least 10 mechanical linewidths away) to    Ω m    in order not to alter the optomechanical response. Taking into account the modulation depth and the corresponding transduction parameters (amplitude of 20    V pp    from function generator; controller transduction 20 mA/V; calibrated laser diode responsivity    4 . 67    mW/A within the range of used    P pump    powers), the power output of the 800 nm pump laser is     P pump  =  ( 34 . 00 ± 0 . 93 )       μ  W.



The noise spectra of the transmitted probe light, coupled to the defect PhC cavity resonance, at different laser-cavity detunings Δ and close to the fundamental mode frequency of the membrane Brownian motion consists of two resonance peaks (Figure 3a): one corresponding to the fundamental mechanical mode (   M 1   ) at     Ω m  / 2 π    and another related to the modulation frequency     Ω mod  / 2 π    of the non-resonant pump laser. For the mechanical mode at     Ω m  / 2 π    we observe the optical spring effect: the mechanical mode amplitude     S P   (  Ω m  )    , linewidth and frequency    Ω m    are modified when the laser probe is swept across the cavity optical resonance [6]. Concerning the modulation peak, it does not come from direct modulation of the probe laser carrier, but is transferred to it via the QD layer. The modulation of the QD absorption creates photons at    Ω mod    which are filtered by the cavity and coupled to the waveguide at the probed wavelength. The incident power of the non-resonant pump in our experiments did not exceed 250   μ  W (Figure 2b), to avoid possible concomitant thermal effects whose relaxation time is of the order of 1   μ  s [18].




3.4. Tailored Optomechanical Couplings


We compare the amplitude dependence of the pump modulation peak, read out by the probe laser, with the evolution of the mechanical amplitude of the fundamental membrane mode by performing optical spring effect measurements. To confirm that the cavity resonance is not influenced by the resonant probe, we compare the mechanical response of    M 1    for two scanning directions of the probe laser (Figure 3b) for    P probe    power, used for the present experiments (corresponding to the intracavity power     P c  ≈ 100      μ  W). The two responses are almost identical with no abrupt jumps (small discrepancies are related to a slight drift of the sample position with respect to the incident probe beam during the measurement series: the acquisition time of a single curve shown in Figure 3b (bottom) is a few hours), which confirms that no optical bi-stability is induced at these measurement conditions. This is confirmed by measuring the cavity response to the probe laser for both sweeping directions, as shown in Figure 3b (top). In the following we will analyse the experimental data for one of the sweep directions only.



As discussed before, an increasing pump power results in the spectral narrowing of the cavity resonance (with its Lorentzian line shape preserved). We study the impact of this effect on the optomechanical coupling of the mechanical mode for several    P pump    values (the amplitude of the pump laser modulation is kept constant). Figure 4a–c display the experimental evolution of the fundamental mode amplitude as a function of the probe laser detuning for different powers of non-resonant (800 nm) pump laser. We have used an analytical model, describing this phenomenon by considering the impact of dissipative, intrinsic dispersive and external dispersive optomechanical couplings, with coupling coefficients    g ω   ,    g  κ , i     and    g  κ , e    , respectively [3,6]. The fitting procedure follows the one described in [6]: we took as initial guess the experimental coupling coefficients, measured for the fundamental mode and same access waveguide geometry in the absence of an external pump [6]. Subsequently, we let all the three coefficients free. The membrane resonator used in this experiment is smaller than the one described in [6], yielding a smaller value of the effective mass of the fundamental mechanical mode, estimated to be     m eff  = 23 . 9    pg [14]. The obtained fitted curves are displayed in Figure 4 along with the deduced optomechanical coupling coefficients for three values of external pump power: 34, 90 and 244   μ  W. As can be seen, an increase of    P pump    leads to a clear raise of the intrinsic dissipative coupling coefficient    g  κ , i     (from −0.21 to −1.56 GHz/nm), whilst the other components remain almost unchanged (Figure 4d).





4. Discussion and Conclusions


We have demonstrated hybrid optomechanical resonators, consisting of a thin InP membrane embedding a single layer of InAs(P) QDs and an    L 3    PhC cavity, coupled to an integrated SOI waveguide. We show that by non-resonantly pumping the QD layer one can saturate the cavity losses due to the QD absorption and thus change the linewidth of the embedded cavity (Figure 2b). By monitoring the optomechanical response of the fundamental mechanical mode as a function of the probe laser wavelength, we demonstrated a control over the intrinsic dissipative coupling coefficient, which was shown to increase by a factor of 8. The dispersive and external dissipative coupling coefficients remained unmodified (Figure 4d). Mechanisms yielding the observed transduction might include thermal effects, with characteristic times of the order of microseconds (∼MHz modulation frequencies) [19], or absorption and re-emission from the QDs, with characteristic times in the nanosecond range (∼GHz modulation frequencies). Radiation pressure is not considered here, as this effect is too weak for the low reflectivity of our system at the pump wavelength in the absence of an external cavity.



The studied phenomenon can be regarded as a way to finely tailor the dissipative optomechanical coupling strength in addition to the previously demonstrated tailored couplings in such resonators via changing the geometry of the access waveguides [6]. The ability to increase the dissipative coupling via the control of the QD absorption is beneficial for the presented device and could also be exploited in other optomechanical systems.
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Abbreviations


The following abbreviations are used in this manuscript:



	CW
	continuous wave



	EBL
	electron beam lithography



	FDTD
	finite difference in time domain



	FWHM
	full width at half maximum



	InAs(P)
	indium arsenide phosphide



	InGaAs
	indium gallium arsenide



	InP
	indium phosphide



	PhC
	photonic crystal



	  μ  PL
	micro-photoluminescence



	Si
	silicon



	   SiO 2   
	silicon dioxide



	QD
	quantum dot



	SOI
	silicon-on-insulator
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Figure 1. (a) SEM image of the fabricated device; (b) Schematic of the membrane cross-section composition (not to scale); (c) TEM image of a single QD; (d)   μ  PL spectra of the QD layer from unpatterned membrane (dark blue) and from the region embedding an    L 3    PhC cavity (violet). 
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Figure 2. (a) Schematic of the experimental set-up for the characterization of optical/optomechanical transduction of non-resonant pump (    λ pump  = 800    nm) to resonant probe (    λ probe  ≈ 1 . 56      μ  m); (b) Emission properties of the QDs, filtered by the    L 3    cavity (loaded     λ c  = 1564 . 5    nm): fitted intensity I, wavelength    λ 0    and linewidth κ of the collected emission are plotted versus non-resonant pump power. Inset: zoom-in of    λ 0    power dependence. 
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Figure 3. (a) Spectra of the probe light, as measured by the Electric spectrum analyser (ESA), coupled to the PhC cavity with a layer of QDs in the middle, pumped non-resonantly at normal incidence. The pump laser power is modulated at     Ω mod  / 2 π   . Shown curves are measured at different laser–cavity detunings    Δ =  λ probe  −  λ 0    . The Lorentzian peak at     Ω m  / 2 π    corresponds to the fundamental flexural mode of the membrane (membrane size:    8 . 5 × 4 . 8 × 0 . 26      μ  m). Inset: schematic describing the origin of the two detected peaks; (b) (bottom) Mechanical    M 1    mode amplitude dependence on probe laser detuning, acquired for forward (blue- to red-detuned) and backward (red- to blue-detuned) scanning directions. (top) Waveguide transmission spectra for both probe sweep directions. Measurements in (b) were performed at the same probe laser power (corresponding to the intracavity power     P c  ≈ 100      μ  W) and pump laser power     P pump  = 90      μ  W; at room temperature     T b  = 294    K and at low pressure    p <  10  − 4      mbar. 
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Figure 4. (a–c) Power spectral densities at mechanical resonance (circles: experimental data; solid lines: fit to model [6])     S P   (  Ω m  , Δ / κ )     and fitted relative contributions of coupling dispersive (   g ω   ) and dissipative (intrinsic    g  κ , i     and external    g  κ , e    ) coupling strengths for different powers of non-resonant pump; (d) Experimental evolution of the optomechanical coupling coefficients with the power of the external non-resonant pump (markers—data from (a–c), solid lines—linear fits). 
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