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Abstract

:

On-chip generation, manipulation and detection of nonclassical states of light are some of the major issues for quantum information technologies. In this context, the maturity and versatility of semiconductor platforms are important assets towards the realization of ultra-compact devices. In this paper we present our work on the design and study of an electrically injected AlGaAs photon pair source working at room temperature. The device is characterized through its performances as a function of temperature and injected current. Finally we discuss the impact of the device’s properties on the generated quantum state. These results are very promising for the demonstration of electrically injected entangled photon sources at room temperature and let us envision the use of III-V semiconductors for a widespread diffusion of quantum communication technologies.
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1. Introduction


Integrated quantum photonics is a very active field of quantum information science. In particular, the maturity of semiconductor technology offers a huge potential to build ultra-compact devices including generation, manipulation and detection of many quantum bits. In these last years, spectacular progress has been done on different material platforms, such as AlGaAs, silicon-on-insulator [1,2], silica-on-silicon [3,4], as well as on their hybrid integration, e.g., with superconducting detectors [5]. In this context, the direct band gap and electro-optics effect characterizing III-V semiconductors are important assets for the achievement of electrically injected, tunable, integrated quantum photonic devices. While quantum dots-based sources working at cryogenic temperatures have allowed us to reach unprecedented levels of brightness and to tune the degree of photon indistinguishability [6], spontaneous parametric down-conversion (SPDC) in AlGaAs has allowed us to produce entanglement on various degrees of freedom with devices working at room temperature and telecom wavelength (see Section 3).



Recently, the utilization of this platform has led to the demonstration of a completely integrated electrically injected device consisting of a quantum-well laser emitting photons at 780 nm that are converted into telecom-wavelength photon pairs by internal spontaneous parametric down-conversion [7].



In this paper we study the behavior of this device as a function of temperature and of the injected current and we discuss the impact of the device’s properties on the generated quantum state.




2. Results


2.1. Design and Fabrication


The challenge in designing such a device lies in simultaneously addressing the electrical injection of the laser and the efficient down-conversion of laser photons in photon pairs.



In the nonlinear process, the energy and momentum of the photons are conserved—nothing is exchanged with the crystal. While energy conservation is straightforward, conserving the momentum requires compensating for the phase velocity mismatch of the three interacting photons, which is usually done by using birefringent crystals. However, even if GaAs present a high second-order nonlinearity, which is beneficial for achieving efficient frequency conversion processes (χ(2) around 110 pm/V at 1550 nm [8]), this material lacks natural birefringence. Among different techniques to achieve phase-matching, the recent development of Bragg reflection waveguides [9,10] represents a breakthrough, since this strategy allows us to reduce the total aluminum content (thus avoiding aging problems of the device) and increases the flexibility of effective index engineering. In our case, two Bragg mirrors provide both a photonic band gap vertical confinement for the laser mode (a transverse electric Bragg mode) and total internal reflection claddings for the photon-pairs modes (one TE00 and one TM00). The device’s design is dictated by trade-offs that must optimize electrical transport, waveguiding and nonlinear interaction at the same time [11]. Figure 1a,b present, respectively, the simulated intensity profile of the laser Bragg mode and the refractive index and doping profiles of the resulting design.



The sample under study has been grown by molecular beam epitaxy on a (100) GaAs substrate. It consists of two Al0.8Ga0.2As/Al0.25Ga0.75As Bragg reflectors of six periods each surrounding a 365 nm Al0.45Ga0.55As core. A 8.5 nm Al0.11Ga0.89As quantum well is embedded into the core to ensure a gain peaked at 780 nm (see Figure 1a). The top and bottom Bragg reflectors are, respectively, gradually p-doped and n-doped, from 1 × 1017 to 2 × 1018, in order to ensure efficient electrical injection of the device. An additional highly doped cap layer is added to protect the device and facilitate electrical injection from the upper contact [12]. The device is processed in a standard waveguide geometry, as presented in Figure 1c: 5–6 µm wide and 2 µm deep waveguides are defined by wet etching of the top Bragg reflector. A SiN layer is used for electrical insulation and Ti/Au and Ni/Ge/Au/Ni/Au layer sequences are used for the top and bottom contact, respectively. A thick electrolytic Au layer is used for the top contact, helping heat management. Samples are cleaved into approximately 2 mm long stripes.




2.2. Optoelectronic Characterization


Figure 2a reports the typical power-current-voltage (PIV) curves as a function of the temperature of one of our samples under electrical pumping; the pulse duration is 60 ns at a repetition rate of 40 kHz. These curves attest for the lasing emission. We observe that at T = 291 K, the I-V curve shows a resistance of R = 3.56 Ω and a turn-on voltage of 1.83 V, which is very close to the quantum well band gap, thus meaning that no current-blocking effects occur at the hetero-interfaces. The P-I curve displays a threshold current of Ith = 0.274 A, corresponding to threshold density current Jth = 1.5 ± 0.2 kA/cm2 for a contact surface of S = 1.9 (± 0.2) × 10−4 cm2.



As the temperature decreases from Troom = 291 K to T = 202 K, the threshold current decreases exponentially as shown in Figure 2b, according to Ith ~ eT/T0, with T0 = 87.8 K [13].



These experimental results are compared with the numerical simulations we have developed to design our device; the carrier transport and recombination in the hetero-junction are calculated using a self-consistent solution of the drift-diffusion and Poisson equations. The optical parameters of our modeling are the Bragg mode internal losses, whose value α = 35 cm−1 is extracted from the experimental results obtained by a second-harmonic generation measurement [14]; the overlap integral between the Bragg mode and the quantum well Γ = 2.45%, calculated with a commercial eigenmode solver [15]; and the facets modal reflectivity for the Bragg mode R = 0.86, calculated by Finite-Difference Time-Domain (FDTD). The radiative recombination time in the quantum well is set to τrad = 5 × 10−17 m3·s−1, while the Shockley-Read-Hall non-radiative recombination processes is τSRH = 5 ns [16]. The waveguide length and width are L = 2 mm and w = 6 µm, respectively, while the doping profile and aluminum contents correspond to the nominal values of the epitaxial structure.



Figure 2b shows the good agreement between the experimental and the calculated threshold current as a function of the temperature in the 216–305 K range, within the uncertainty of the device contact surface S = 1.9 (± 0.2) × 10−4 cm2.



From the calculated internal resistance of the diode (Rint ≈ 1.5 Ω at room temperature) we evaluate the quality of the fabricated contacts, which introduce an additional resistance lower than R = 2.0 Ω.



The spatial intensity distribution of the emitted laser beam above the threshold is studied by imaging the output facet; the recorded near-field and far-field distributions are reported in Figure 3a, showing a clear evidence of emission on the Bragg mode. For higher values of injected current the Bragg mode can be in competition with the fundamental TE00 mode due to index anti-guiding effects coming from a carrier density increase. This might explain the irregular behavior observed in the I-P curve; further studies on this point are in progress.



Figure 3b displays the laser emission intensity spectra as a function of heat-sink temperature, measured with an Optical Spectrum Analyzer for a laser emitting on the Bragg mode at room temperature. The general trend corresponds to the theoretical temperature dependence of the quantum well band gap (0.23 nm/°C); mode hopping is clearly visible with wavelength jumps of approximately Δλ ≈ 1.5–2 nm.



We notice that these jumps correspond to more than 35 times the spacing between adjacent longitudinal modes of our device; indeed, taking into account the laser length and the modal dispersion, we find ΔλFSR = λ2/2L × (n − λ dn/dλ)−1 ≈ 40 pm [17]. This behavior has already been observed in AlGaAs laser structures [18]; it seems to be explained by the presence of an additional saturable source of losses, resulting from deep-level traps induced in the n-type doped Bragg layers by Si donors. As the traps’ absorption is inversely proportional to the photon density, the standing-wave intensity profile of the dominant longitudinal mode I(z) determines the periodicity of the optical loss pattern αtraps(z) = α0/(1 + I(z)/Is) [19]. By integrating along the whole device length, it is possible to show that the dominant longitudinal mode presents smaller losses than the adjacent modes by a factor Δα ≈ 0.05 − 0.1α0. In order to verify that our observations are related to this physical process, we have estimated Δα, calculating the overlaps of the Bragg mode with each n-doped layer. By assuming the reflectivity R = 0.86, we find α0 = 5.54 cm−1 at room temperature leading to Δα ≈ 0.28–0.55 cm−1, which is compatible with our experimental results (Figure 3b).



The demonstration of the photon pair emission in the telecom range has been done by performing time correlation measurements under electrical injection in a pulsed regime at 601 mA. The emerging TE and TM photon pairs, corresponding to a type-II SPDC, are detected with two InGaAs single-photon avalanche photodiodes (IdQ201) having 20% detection efficiency and a 50 ns gate, synchronized with the current pulses. A time-to-digital converter is used to analyze the time correlations between cross-polarized photons, separated by a polarization beam splitter. Figure 4 shows a histogram of the detection time delays at T = 25 °C. The sharp peak emerging from the background is the evidence that photons are produced by pairs. From these data, taking into account the optical losses along the optical path, we estimate an internal generation efficiency of the device of ∼10−10 pairs/injected electron.





3. Discussion and Conclusions


In this section we discuss the impact of the performances of our devices on the quality of the quantum state of the emitted photons and we give some perspectives.



The signal-to-noise ratio (SNR) is evaluated by taking the number of true coincidences within the Full Width Half Maximum (FWHM) of the peak over the background signal on the same time window; Figure 5 reports the SNR value as a function of the injected current for the same sample characterized in Figure 4. For a current value below the laser threshold, no “true coincidence” peak emerges from the noise. For a current value between 450 mA and 600 mA, the SNR increases linearly with the injected current as expected from the typical diode behavior of the device. At high current values the SNR saturates, probably due to thermal effects within the device having an impact on the laser operation and the phase-matching curve.



Assuming that the source emits a Werner state, we can estimate the fidelity F to the maximally entangled Bell state |ψ+>: F = (1 + 3P)/4 with P = SNR/(2 + SNR). The value of F as a function of the current is also given in Figure 5: we observe that for an injected current of 600 mA, F should reach the value of 93%, which is compliant with an experimental violation of Bell’s inequality.



Recently, we have improved the fabrication method of our devices, passing from wet to dry etching to define the waveguides; this has allowed increasing the confinement and overlap of the interacting modes (and consequently the nonlinear process efficiency) while keeping a low level of optical losses. We have thus reached a SNR value of 1730, which potentially would bring us to the condition of achieving a fidelity value of 99% [20].



In order to check the possibility to drive the device in continuous wave (CW) operation, we have measured the output power as a function of the duty cycle: the observation of a constant peak output power for a duty cycle up to 66% indicates that a CW operation is possible [12].



In parallel, quantum optics experiments on the photon pairs generated by passive samples based on the same phase-matching technique have allowed us to demonstrate high values of indistinguishability [21,22] and entanglement on polarization [23] and energy-time [22]. The quality of the produced quantum state as well as its compatibility with the telecom network have also allowed to use these sources in multi-user quantum key distribution protocols using standard dense wavelength division multiplexers [24]. This approach seems also to be promising for the control of the frequency correlations of the emitted biphoton state; for example, original designs of AlxGa1−xN devices have been proposed in which quasi-phase-matching of the waveguide core is used to achieve phase-matching at the desired wavelength, while the control of waveguide dispersion is used to control the frequency correlation between the generated photons [25].



In conclusion, Bragg reflection waveguides emerge as an extremely attractive and versatile platform on which to perform scalable photonics-based quantum information tasks. Their ability to be electrically driven at room temperature lets us envision the use of III-V semiconductors for a widespread diffusion of quantum technologies.
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Figure 1. (a) Simulated intensity profile for the Bragg mode within the waveguide; (b) Refractive index and doping profile of the device; the Bragg mode has a higher overlap with the quantum well than the TE00 mode; (c) SEM image of the sample showing the facet of the sample and the upper electrode with the thick electrolytic layer. 
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Figure 2. Laser operation. (a) Voltage bias (crosses) and emitted power versus injected current. The I-V curve is measured at Troom = 291 K, while I-P for T is in the range 202–291 K. At room temperature the laser has a threshold of Ith = 0.274 A, a turn on voltage of 1.8 V; (b) Measured (crosses) and calculated (continuous line) threshold current as a function of temperature. The error band around the calculated threshold corresponds to the uncertainty of the diode surface after the wet etching and cleaving processes. 
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Figure 3. (a) Measured near- and far-field emissions of a laser emitting on the Bragg mode; (b) Normalized laser emission intensity as a function of wavelength and heat-sink temperature. 
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Figure 4. Time-correlation histogram of TE/TM photons around 1.57 μm at T = 15 °C. This sample is electrically injected with current pulses of 601 mA, a duration of 60 ns and a repetition rate of 40 kHz. The data were accumulated during 600 s with a sampling resolution of 162 ps. 
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Figure 5. Signal-to-noise ratio and fidelity to a Bell state as a function of the current for one of our devices. 
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