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Abstract

:

Incorporating active components in photonic structures with a topological configuration has been shown to achieve lasing at topological edge states. Here, we report an electrically tunable topological edge-state laser in a one-dimensional complex Su–Schrieffer–Heeger chain. The proposed design is realized in an electrically injected Fabry–Perot (FP) laser chain. The lasing in topologically induced edge states is experimentally observed and a selective enhancement is realized by introducing a topological defect in the center. This work presents a versatile platform to investigate novel concepts such as the topological mode for mainstream photonic applications.
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1. Introduction


Topological insulators (TIs) introduce a new form of matter, which can support the flow of electrons on their surface but are insulators on their interior. Dissimilar to surface states in normal insulators, the surface states in TIs are robust against perturbation and defects in the bulks [1,2,3,4,5,6]. Such tantalizing characteristics address the impurity issues in conventional bulk topology materials and spark interest in the field of topological photonics [7,8,9]. Thus, it has drawn large interest in the investigation of topological-phase transitions and edge states in optical devices such as lasers, that are sensitive to local perturbations and fabrication defects. Most such work has focused on optical structures and devices with passive components [10,11,12,13,14,15,16,17]. By incorporating active components in the photonic topological structures, it becomes possible to achieve lasing at the topological edge states. The resulting topological edge-state lasers can exhibit a low lasing threshold compared to the conventional bulk-state lasers, and are robust against fabrication defects and local defects. Topological edge-state lasers have recently been demonstrated in several systems [18,19,20,21,22,23]; however, all of them are shown in optically pumped platforms (bulky and slow), which can largely limit the further exploration and application of these unique topological lasers. On the other side, the optical non-Hermitian system with active elements has been brought to attention. Several new novel phenomena and optical devices have been proposed and demonstrated based on the PT symmetry in non-Hermitian systems [24,25,26,27,28,29,30,31,32,33,34]. Non-Hermiticity in photonics topology systems has been studied and experimentally demonstrated [24,25,26]. It was also found that, by introducing a defect site in the center of gain/loss sites, the topological midgap state can be enhanced by supplementing the topological protection with non-Hermitian symmetries [10]. In this context, topological lasers become an ideal platform owing to the inherent non-Hermiticity in laser structures. In this report, we demonstrate lasing in a topological edge state in a one-dimensional Su–Schrieffer–Heeger (SSH) Fabry–Perot (FP) laser chain, which contains gain and loss waveguides and an active gain topological defect. The active topological defect is employed to amplify the density of state (DOS) of the midgap states naturally induced by breaking the PT symmetry in the system. These states maintain their topological properties while presenting the lowest lasing threshold compared to other bulk modes. By tuning bias levels in gain/loss sites, the dynamic evolution of the dispersion relationship is studied, and the phase transition from the trivial state to topological state is manifested with incremental bias levels. Finally, from the interest of the symmetry of the proposed system, a reconfiguration of the gain/loss site, which is a time reversal of the original one, is studied. By electrically tuning the gain and loss in the SSH laser chain, lasing is also obtained in the SSH chain in the time-reversal configurations.




2. Model and Simulation


2.1. Non-Hermitian Topological Laser Chain


To achieve a photonic topological laser, we designed a photonic topological insulator structure consisting of seven pairs of coupled Fabry–Perot (FP) waveguide SSH dimers. Figure 1a shows the schematic of the dimer chain, where C1 and C2 represent the intradimer and interdimer coupling coefficients, respectively, and C1 > C2. The intradimer coupling denotes field coupling between the loss (blue) waveguides and the gain (orange) waveguides, and interdimer coupling denotes coupling between gain (orange) waveguides and next loss (blue) waveguides. The trivial and nontrivial topological states were achieved by the strong and weak coupling in the dimers consisting of a gain and loss, respectively. A topological defect in the chain was introduced by removing the loss waveguide in the middle dimer (fourth pair). As a result, the designed active SSH chain consisted of 13 coupled ridge waveguide lasers with a width of 3 µm. The laser active region was composed of seven-layer InAs quantum dots (QDs) sandwiched between Al0.4Ga0.6As cladding layers. Figure 1b shows the heterostructures of the InAs QD lasers grown by the molecular beam epitaxy (MBE) system. In the laser chain, the top p+-GaAs contact layer and p-Al0.4Ga0.6As cladding layer were etched for electrical isolation between each waveguide. The coupling strengths, C1 and C2, in the dimers were controlled by the width of the isolation trenches, 1 µm and 2 µm, respectively. All the gain and loss waveguides were interconnected, allowing the simultaneous and fully electrical control of all the gain and loss waveguides. A one-dimensional SSH model was first employed to investigate the passive Hermitian dimer chain without a gain and loss [35]. The SSH model studied two sites per unit cell with different coupling coefficients: intradimer coupling C1 and interdimer coupling C2. It is well understood that, in the SSH mode, the topological zero states depend on the configuration of the unit cell. The topological state exists only when the smaller coupling, C2, is located at the edges [35,36]. In contrast, there is no interface state if the chain is terminated by a dimer with a larger coupling coefficient, C1. These two different scenarios could be identified by the winding number in the Brillouin zone (BZ) SSH model [37]:


   W h  =  1  2 π    ∫  B Z   d k   ∂ ψ ( k )   ∂ k    



(1)




where k is the Bloch wavenumber within the first BZ and the winding number corresponds to the Zak phase (ψZAK) divided by π [38]. It has been shown that when Wh = 0, the system exhibits a trivial topological phase; in contrast, if Wh = 1, the system transits into a nontrivial topological phase [39]. In the explored topological configuration, as shown in Figure 1a, all sites in the left side of the center site could be treated as subsystem A, which had a winding number of 0, and the rest of the sites, including the center site and all the other sites on the right side of the center site, could be treated as subsystem B, which had a winding number of 1 due to the different bounded edge with the coupling coefficient C1 in the left and C2 in the right. To obtain the coupling coefficients    C 1    and    C 2   , the mode coupling between the waveguides was studied by the commercial software COMSOL.    C 1   = 10.05 cm−1 and    C 2    = 5.32 cm−1 were obtained from COMSOL simulations. A topological transition would occur from configuration A to B, where the winding number changed from 0 to 1; as a result, the defect waveguide, the fourth pair dimer with a gain waveguide only, was located at the interface. Therefore, there had to be a topological interface state residing at the zero energy band, located at the defect waveguide. Szameit et al. already investigated such a topological waveguide configuration containing passive components, and showed the topological mode appearing in the center defect while preserving the PT symmetry [40,41,42]. In this work, we employed the dimer chain containing a gain and loss and an active gain defect to achieve a topological laser. In this context, a modified non-Hermitian SSH model was employed to study the density of state (DOS) of the SSH laser chain. The DOS was calculated by evaluating the number of eigenstates at the corresponding eigenvalues in momentum space (see Supplementary Materials for details). As shown in Figure 2a, the DOS was calculated with a passive defect in the center and all modes were grouped into two sets and separated by the middle gap. Different from defect-less SSH chains, topologically induced states manifested in the middle of the gap, which resulted from the PT symmetry breaking in the system. By introducing a gain into the center defect, as shown in Figure 2b, topologically induced states in the midgap were amplified, while states in the upper and lower groups were suppressed. It is worth noting that the DOS enhancement could be obtained not only by introducing the active defect, but also by introducing an absorptive lossy defect as well due to the time symmetry of the Hamiltonian.




2.2. Phase Transition of Non-Hermitian Topological Laser Chain


For characterizing trivial states and the topological state at different biasing levels, complex dispersion relations and eigenvalues of the SSH laser chain were analyzed. Three phases were employed to distinct degeneracy conditions of the eigenstates of the Hamiltonian. The explicit form of the Hamiltonian of the SSH chain was given in supplement, g represented the gain and loss in the SSH chain, and a was the scale factor of the gain in the defect site. In the case of this work, the scale a was set to one to provide a uniform gain across the SSH chain. A numerical calculation was carried out with g varying from 0 to approximately 20 cm−1. Figure 3 shows the eigenvalues and corresponding dispersion relation at different γ = g/C1, a dimensionless variable, where g was the gain applied to the FP waveguides. It was found that the topological zero-mode exhibited complex eigenvalues with any nonzero gain, as shown in the red circles in Figure 3a–c. As shown in the phase diagram in Figure 3d, in phase I, only the zero mode, represented by the yellow curve, exhibited a complex eigenvalue with a gain, and the SSH laser chain lased at the single topological mode. At a small value of γ = 0.1, the optical field was predominately located in the defect gain waveguide in the SSH system, as shown in the Figure 3d inset. The topological mode profile presented the exponential localization on the odd site n, where the wavefunction      |   ψ n   |   2  ~    (     c 1     c 2     )     |  n − 7  |      for odd n, and      |   ψ n   |   2  ~ 0   for even n. This was in agreement with the analytical solutions without a gain/loss on the SSH chain. With the increase in γ, other bulk modes showed complex eigenvalues, as shown in Figure 3b,c. In phase II, two bulk modes, represented by the pink curve, were bifurcated with complex conjugate eigenvalues, which suggested the bulk modes may have started to lase alongside the topological mode. With a further increase in γ, more bulk modes showed complex eigenvalues and the corresponding gain of these bulk modes was comparable with the topological mode. The green curve, in phase III, was one representative mode of those modes. The bifurcation of bulk modes resulted from the spontaneously PT symmetry breaking once the gain applied to the waveguide was nonzero. It is worthwhile to notice that, different from bulk modes, which only presented complex eigenvalues with a certain transition point γ > 0.6, the nontrivial topological zero mode would maintain complex eigenvalues with nonzero γ, as shown by the yellow curve.




2.3. Complex Eigenvalue Diagrams of Non-Hermitian Topological Laser Chain


To further investigate the difference between nontrivial zero modes and trivial modes, a complex band diagram in a complex system was calculated. Figure 4a plots the band diagram of the topological system with neither a gain nor a loss. A bandgap was present in the center (between the grey dashed lines), and the topologically protected midgap states (red) sat in the center of the bandgap. Figure 4b shows the dynamic evolution of complex eigenvalues with the γ varying from 0.1 (blue dots) to 0.3 (red dots). With the same bias level, the topological zero states presented a higher gain than other bulk states. As the bias level of the whole system increased evenly, the increment of the topological mode was ~10-times of the ones of trivial modes.





3. Experimental Results


3.1. Experimental Demonstration of Non-Hermitian Topological Laser Chain


For the experimental demonstration, a topological SSH laser chain was fabricated by standard microfabrication techniques, where the coupling strength, C1 and C2, in the SSH was determined by the trench between each waveguide (see the Materials and Methods the section). The trench width of 1 and 3 µm was employed to define the coupling strength between waveguides C1,and C2. Figure 5a shows the top-view scanning electron microscope (SEM) image of the fabricated laser device, where the finger patterns provided independently controlled gain and loss laser waveguides. The isolation trenches not only controlled the coupling strength, but also provided electrical isolation between each waveguide. The gain/loss SSH chain was operated by electrically biasing the gain and loss waveguides at different levels. The bias current of the loss waveguides was maintained at 0 mA, which corresponded to a loss of ~ 35 cm−1 in the loss waveguide, and the gain waveguide bias current varied from 0 to 1000 mA to electrically tune the gain in the gain waveguides. Figure 5b shows the light–current (L–I) characteristic of the SSH-coupled waveguide laser chain. It was observed that the lasing threshold current was ~600 mA. The inset shows the electroluminescence (EL) spectrum of the laser chain. The lasing wavelength was at ~1.33 µm, and the relative broader laser linewidth was due to the lasing from multiple longitudinal modes in the Fabry–Perot laser cavities.



The near-field pattern of the SSH laser chain was measured to investigate the dynamics of the topological mode lasing and mode selections. As shown in Figure 6a–c, the near-field patterns from the laser chain were measured at various gain bias currents. Figure 6d shows the intensity line scans of the near-field images. The intensity saturation was due to the limited dynamic range of the near-infrared (NIR) camera. When the gain bias current was small, 630 mA, the SSH laser chain only lased at the topological mode in the center defect and the mode profile exhibited the maximum intensity at the center defect. When the bias current was increased to 700 mA, the first trivial bulk mode obtained enough gain and transits to the lasing mode, while the topological mode was still dominating in the near-field profile. The SSH laser system evolved to phase II. With a further increment of the bias current to 770 mA, more trivial bulk modes started to obtain enough gain and, eventually, transformed to lasing modes (see Supplementary Materials), which led to a more uniform near-field profile across the laser chain, and the system transited into phase III. The experimental observation showed clear phase transitions of the topological mode laser and agreed well with the theoretical predictions, as shown in Figure 3d. The mode evolution ceased in phase III due to the gain clamping, whereas the output power increased with the increased injection current, as shown in L–I (Figure 5b). It is worth discussing here, that unlike an oddly localized mode profile on the odd site with a small gain in phase I, there were even sites in the order of sixth, fourth, and second, presenting a mode distribution with a larger gain. This was the result of the PT symmetry breaking of bulk modes, and the coupling between nearby sites with the same gains of a sixth and seventh defect waveguide would also suppress the single-mode laser performance. From that perspective, in future work, it is tentative to apply electrical pumping with space symmetry, which adds gain on odd sites and loss on even sites. In that case, the optical mode would maintain localization on odd sites while the gain increased.




3.2. Reconfiguration of Non-Hermitian Topological Laser Chain


The reconfigurability of this topological SSH laser chain was also investigated by replacing the gain defect with a lossy defect. In the experiment, owing to the versatility of the invented electrically injected system, the lossy topological defect was simply achieved by interchanging the gain and loss waveguide bias conditions. The resulting Hamiltonian in the new configuration was equivalent to applying the time-reversal operator to the Hamiltonian of the original system. This new configuration still featured the same topological configuration as in the case discussed before, but now with a lossy defect at the topological interface. The corresponding dispersion relations and phase diagram showed that the topological mode exhibited net loss at a small gain and lasing was prohibited in phase I (see Supplementary Materials). With the increment of the system gain level, both the topological and bulk modes started to obtain a gain, and the lasing of topological and bulk modes occurred in phase II. Figure 7a shows the lasing optical field distribution of the topological mode and bulk mode with a lossy defect system at |γ|=1.2. It is worth noting that at a higher gain, unlike in the previous configuration, the topological mode profile exhibited minimums at the center defect waveguide sites. It could be seen from the topological mode profile evolution at different gain levels (see Supplementary Materials). The lossy topological configuration was also demonstrated experimentally, and the corresponding near-field patterns were measured. As shown in Figure 7b, instead of lasing at a single topological mode, both topological and bulk modes lased at the same time, and the measured near-field pattern represented the superposition of these modes (see Supplementary Materials). The near-field pattern of the original gain defect topological laser at a higher gain was shown to illustrate the relative position of each site as well. The lasing threshold current of the lossy topological defect configuration was ~700 mA, obtained from the L–I measurement. The higher lasing threshold compared to the gain defect topological laser was due to the fact that the lasing could only occur at phase II instead of phase I in this case.




3.3. Topological Laser Chain Fabrication


The QD laser heterostructure was grown on a Si-doped GaAs (100) substrate by a Veeco Gen-II Molecular Beam Epitaxy (MBE) system. The waveguide core and cladding layers of the QD laser heterostructures consisted of GaAs and Al0.4Ga0.6As, with a thickness of 300 nm and 1.5 µm, respectively. In the active region, there were seven layers of InAs quantum dot gain materials with a height of ~5 nm. The QD layers were separated by a 30 nm GaAs spacer layer. The QD laser waveguide was designed at ~1.3 µm.



The topological SSH laser chain was fabricated by standard microfabrication techniques. An AS200 stepper aligner was used to define the ridge width of 3 µm, an isolation trench gap width of 1 and 2 µm, and the fabrication was followed by a dry etching step by the Oxford ICP 380 plasma etcher. The ridge dry etching was stopped at the p-type Al0.4Ga0.6As cladding layer, 200 nm above the top InAs QD layer in the active region. The trench isolation was precisely controlled to provide electrical isolation while yielding coupling strength, C1, and C2, in the dimers. Finally, two finger patterns on the gain and loss waveguides were deposited through the SiNx passivation layer and via holes. The finger patterns provided the simultaneous control of all the gain and loss waveguides electrically, indicating a fast tuning/reconfiguration speed and programmable response. The schematic of the fabricated device is shown in the Supplementary Materials. In total, 24 laser arrays were fabricated on ~ 1x1 cm2 epitaxial wafers, and over 90% of the laser bars exhibited lasing. Among all the lasing devices, similar topological phase transitions were observed.




3.4. Near-Field Measurement


The near-field patterns of the SSH laser chain were measured. The emission from the SSH laser chain was focused by a x100 Mitutoyo NIR objectives lens and the pattern was captured by an Alpha NIR camera through a Mitutoyo FS-70 standard microscope body. The eye-pieces of the microscope and external illumination were used to align the objective with laser facets (see Supplementary Materials).





4. Conclusions


We demonstrated an electrically injected topological laser in an SSH chain with an active gain defect. The theoretical study of the SSH chain was conducted, and phase transitions between the lasing of topological and bulk modes were observed. The lasing of the proposed topological laser system was experimentally demonstrated with a lasing threshold of ~600 mA. The reconfiguration of the system with a lossy defect topological laser was also investigated. Regarding the reconfigurability of the topological SSH chain, the lossy topological defect configuration served as a potential novel platform for applications, such as optical modulators and detectors, where the enhanced absorption was beneficial. Moreover, symmetric biasing on the configurations should be considered in future works.
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Figure 1. (a) Schematic of the proposed non-Hermitian SSH dimer chain, with staggered gain (orange) and loss (blue) waveguides, except the center single defected gain waveguide.    C 1    and    C 2    represent the coupling coefficients for intradimer and interdimer, respectively, where    C 1    >    C 2   . (b) Heterostructures of the InAs QD lasers grown by molecular beam epitaxy. 
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Figure 2. The density of states (DOS) of SSH chain without (a) and with (b) active defect, where the energy band was presented as normalized energy E/   C 1   . In passive system (a), with zero gain, DOS of zero-energy states presented as less dominant compared to other bulk modes; on the contrary, in the active system (b), the DOS of the zero-energy mode was largely enhanced as a dominant mode by including an active defect. 
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Figure 3. Complex eigenvalue diagrams of the SSH laser chain system in phase I (a), II (b), and III (c), and red circles denote imaginary parts of the topological zero state. (d) Phase diagram of the complex SSH chain, the yellow curve (color online) represents the topological mode, pink and green curves show the representative bulk modes in the system. The inset shows the topological mode profile calculated at γ = 0.1, along with the theoretical profile ∝(t1/t2)−|n| (red curve). 
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Figure 4. (a) Band diagram of SSH chain with neither gain nor loss: a bandgap presents clearly between two gray dashed lines, where the midgap states (red) sit in between. (b) Evolution of complex eigenvalues with the γ varied from 0.1 (blue dots) to 0.3 (red dots): the gain increment of the topological zero-mode was ~10 times of the ones of trivial modes (with nonzero real eigenvalue) as the gain level increased. 
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Figure 5. Top-view SEM image (a) and light–current (L–I) characteristic (b) of the SSH laser chain. It was observed that the lasing threshold current was ~600 mA. Inset: electroluminescence (EL) spectrum of the laser chain. The lasing wavelength was at 1.33 µm. 
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Figure 6. Near-field patterns measured at varied gain bias currents: (a–c) bias current was 630 mA, 700 mA, and 730 mA. (d) The corresponding intensity line scans to the different bias currents. 
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Figure 7. (a) The optical field intensity distribution of bulk mode and topological mode in configuration with lossy defect, where normalized lossy value was given as |γ| = g/C1 = 1.2; (b) near-field characteristics of the gain and lossy defected topological lasers. 
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