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            Abstract
The strong-coupling regime of cavity quantum electrodynamics (QED) represents the light–matter interaction at the fully quantum level. Adding a single photon shifts the resonance frequencies—a profound nonlinearity. Cavity QED is a test bed for quantum optics1,2,3 and the basis of photon–photon and atom–atom entangling gates4,5. At microwave frequencies, cavity QED has had a transformative effect6, enabling qubit readout and qubit couplings in superconducting circuits. At optical frequencies, the gates are potentially much faster; the photons can propagate over long distances and can be easily detected. Following pioneering work on single atoms1,2,3,7, solid-state implementations using semiconductor quantum dots are emerging8,9,10,11,12,13,14,15. However, miniaturizing semiconductor cavities without introducing charge noise and scattering losses remains a challenge. Here we present a gated, ultralow-loss, frequency-tunable microcavity device. The gates allow both the quantum dot charge and its resonance frequency to be controlled electrically. Furthermore, cavity feeding10,11,13,14,15,16,17, the observation of the bare-cavity mode even at the quantum dot–cavity resonance, is eliminated. Even inside the microcavity, the quantum dot has a linewidth close to the radiative limit. In addition to a very pronounced avoided crossing in the spectral domain, we observe a clear coherent exchange of a single energy quantum between the ‘atom’ (the quantum dot) and the cavity in the time domain (vacuum Rabi oscillations), whereas decoherence arises mainly via the atom and photon loss channels. This coherence is exploited to probe the transitions between the singly and doubly excited photon–atom system using photon-statistics spectroscopy18. The work establishes a route to the development of semiconductor-based quantum photonics, such as single-photon sources and photon–photon gates.




            
                
                    

    
        
            
                
                Access through your institution
            
        

        
            
                
                    Buy or subscribe
                
            

        
    



                
            


            
                
                    
                

            

            
                
                
                
                
                    
                        This is a preview of subscription content, access via your institution

                    

                    
                

                

                Access options

                


                
                    
                        
                            

    
        
            
                
                Access through your institution
            
        

        
    



                        

                        

    
        
        

        
        
            
                
                Access through your institution
            
        

        
            
                Change institution
            
        

        
        
            
                Buy or subscribe
            
        

        
    



                    
                

                
    
    Access Nature and 54 other Nature Portfolio journals
Get Nature+, our best-value online-access subscription
$29.99 / 30 days
cancel any time

Learn more



Subscribe to this journal
Receive 51 print issues and online access
$199.00 per year
only $3.90 per issue

Learn more



Rent or buy this article
Prices vary by article type
from$1.95
to$39.95
Learn more



Prices may be subject to local taxes which are calculated during checkout



  

    
    
        
    Additional access options:

    	
            Log in
        
	
            Learn about institutional subscriptions
        
	
            Read our FAQs
        
	
            Contact customer support
        



    

                
                    Fig. 1: Gated QD in a tunable microcavity: design and realization.[image: ]


Fig. 2: Strong coupling of a QD exciton in the microcavity.[image: ]


Fig. 3: Time-resolved vacuum Rabi oscillations.[image: ]


Fig. 4: Strong coupling versus driving frequency and power.[image: ]


Fig. 5: Photon-statistics spectroscopy.[image: ]
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Extended data figures and tables

Extended Data Fig. 1 Tunable-microcavity setup.
a, The top mirror is fixed to the upper inner surface of a titanium ‘cage’. The sample is mounted on a piezo-driven XYZ nano-positioner, which is fixed to the bottom inner surface of the cage. The nano-positioner allows full in situ spatial and spectral tuning of the microcavity at cryogenic temperatures. The titanium cage resides on another XYZ nano-positioner, enabling close-to-perfect mode matching of the cavity mode to the external laser beam36. b, An outer Ti cage, containing the inner Ti cage and a second nano-positioner, is fixed to an optical rod system, which is inserted into a vacuum tube filled with He exchange gas. The optical elements depicted in the image (objective lens, quarter-wave plate, two polarizing beam-splitters (PBSs), polarizer, CMOS camera, two fibre couplers) make up the dark-field microscope for near-background-free detection of resonance fluorescence29. The back-reflected laser is suppressed by a factor of up to 108 by choosing orthogonal polarization states for the excitation and detection channels29. The optical fibre attached to the excitation (detection) arm of the microscope includes a 50:50 (99:1) fibre beam-splitter to monitor the laser power sent into the microscope (reflected from the sample). The cryostat sits on both active- and passive-isolation platforms and is surrounded by an acoustic enclosure to minimize acoustic noise. Both images are schematic representations and are not to scale. The exact layer thicknesses and doping concentrations are given in the text.


Extended Data Fig. 2 QD charging and neutral exciton linewidth.
a, Measured photoluminescence signal of non-resonantly excited QD4 (λ = 830 nm, P = 200 nW, B = 0.00 T) as a function of gate voltage. The three main charge states of the QD are the positive trion (X+), neutral exciton (X0) and negative trion (X−). Dark blue, maximum number of counts; white, minimum number of counts. b, Resonance fluorescence on QD5 (X0, λ = 939 nm, B = 0.00 T) excited well below saturation (red solid line, Lorentzian fit). From the measured Stark shift of 240 GHz V−1, a linewidth of 0.32 GHz is obtained, which is close to the typical transform limit of 0.25 GHz for these InGaAs QDs at a wavelength of 940 nm (ref. 39). The splitting arises from the fine structure of X0 and is 11.05 GHz for QD5.


Extended Data Fig. 3 Spectroscopy on cavity-coupled QD1.
a, X0 at B = 0.00 T. RF scan revealing two transverse-electromagnetic (TEM00) cavity modes with a polarization splitting of 25 GHz (inclined lines) coupled to two FSS levels of X0 with a splitting of 1 GHz (horizontal lines). b, Line cut at resonance with the ‘left’ cavity mode (as indicated by red arrow). The main peaks arise from coupling of the ‘high’-frequency X0 transition to one cavity mode; the peak at ΔL = 0 arises from coupling of the ‘low’-frequency X0 transition to the same cavity mode. c, g(2)(0) versus laser detuning for a cavity detuning close to zero. d, Power dependence at resonance. Excitation of the second rung of the Jaynes–Cummings ladder (LP2, UP2) is evident at high powers, as indicated by the dashed vertical lines. e, X0 at B = 0.40 T. RF scan revealing that the same TEM00 cavity modes couple to the two X0 transitions. The X0 transitions are now separated by Zeeman splitting. f, Line cut at resonance with the ‘left’ cavity mode. g, h, g(2)(0) versus laser detuning for two different cavity detunings: one close to zero and one close to g. i, X+ at B = 0.00 T. RF scan of the X+ transition. j, Line cut at resonance with the ‘right’ cavity mode. k, l, Experimental (k) and theoretical (l) power dependence at resonance. The excitation of higher rungs of the Jaynes–Cummings ladder is evident by the convergence from the two first-rung polaritons towards the bare-cavity mode with increasing power, leading to a calculated mean photon number in the cavity of up to ⟨n⟩ = 16. The Hilbert space in the model is truncated to 35 rungs of the Jaynes–Cummings ladder. The slight frequency shift of the signal peak in k at maximum laser power is due to an unintended drift of the cavity length during this experiment. In all figures, the vertical lines depict the resonance frequencies for the first three rungs of the Jaynes–Cummings ladder (LP1, UP1: solid; LP2, UP2: dashed; LP3, UP3: dotted) at a particular cavity detuning. Error bars in c, g, h are one standard error.


Extended Data Fig. 4 Vacuum Rabi frequency versus ΔC.
The data points correspond to measured vacuum Rabi frequencies (determined via FFT of g(2)(τ)) for different cavity detunings ΔC. The red solid line is the result of an analytical calculation of the polariton splitting in the |1±⟩ manifold for different values of ΔC (see equation (15) in Supplementary Information section III) using a coupling strength measured spectroscopically (Extended Data Fig. 3f). Error bars are one standard error. Data are from X0 in QD1 at B = 0.40 T.


Extended Data Fig. 5 Spectroscopy of cavity-coupled QD2.
a, Experimental and theoretical dispersion of the lower (LP1) and the upper (UP1) polariton. b, Corresponding experimental and theoretical g(2)(0) values. c, Intensity of scattered light from LP1 and UP1 at zero cavity detuning as a function of resonance excitation power. The absence of saturation is due to the population of higher rungs of the Jaynes–Cummings ladder with increasing power. The behaviour at low powers allows the dependence of the Rabi frequency Ω on laser power P to be determined. This behaviour is parameterized with power P0 (see text for definition): P0 = 214 nW for LP1 and P0 = 529 nW for UP1 (black and red dashed vertical lines, respectively). The mean photon number ⟨n⟩ is shown. d, e, Corresponding experimental and theoretical g(2)(0) values for LP1 (d) and UP1 (e). Error bars in b–e are one standard error. All data are from X0 in QD2 at B = 0.50 T.
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