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Abstract

:

The two-state lasing phenomenon, which manifests itself in simultaneous laser emission through several optical transitions of quantum dots, is studied in microdisk diode lasers with different cavity diameters. The active region represents a multiply stacked array of self-organized InAs/InGaAs/GaAs quantum dots emitting in the wavelength range of 1.1–1.3 µm. Two-state lasing, which involves the ground-state and the first excited-state optical transitions, is observed in microdisks with cavity diameters of 20 to 28 µm, whereas two-state lasing via the first and the second excited-state optical transitions is observed in 9 µm microdisks. The threshold currents for one-state and two-state lasing are investigated as functions of the microdisk diameter. Optical loss in the microdisk lasers is evaluated by comparing the two-state lasing behavior of the microdisks with that of edge-emitting stripe lasers made of the same epitaxial wafer.
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1. Introduction


For the last few decades, microlasers with disk and ring cavities that support propagation of high-Q whispering gallery modes (WGM) have been intensively studied and discussed. Microdisk (MD) and microring lasers based on III-V semiconductors have a high potential for their implementation in the photonic integrated circuits, because they have a small footprint, demonstrate low threshold currents and narrow linewidths, and emit light in the lateral direction [1,2]. MD lasers with a quantum dot (QD)-based active region demonstrate much better performance compared to their InGaAs QW-based counterparts. Continuous-wave operation of QD microdisks was already observed at elevated temperatures of 100–110 °C [3,4]. It is worth mentioning that small sizes of microlasers, in combination with the low sensitivity of QDs to surface recombination and epitaxial defects, open up opportunities for monolithic [5,6] and hybrid [7,8] integration of such emitters with silicon or other non-native substrates. At the same time, good thermal conductivity of silicon lowers thermal resistance of hybrid integrated devices and improves their output characteristics [9]. QD-based MD and microring lasers show direct modulation frequencies of about 6–7 GHz for lasers grown both on GaAs [10] and Si [11]; error-free optical data transmission at 10 Gb/s has been demonstrated. A further improvement in the performance of microlasers can be associated with an increase of the throughput of such systems by, for example, transmitting data at multiple carrier frequencies, similar to the wavelength division multiplexing used in fiber optic communication.



QD lasers exhibit a specific feature referred to as two-state lasing, which consists of simultaneous emission through the optical transitions involving ground-state and excited-state energy levels of quantum dots [12,13]. A reason for such a behavior is related to the non-instant capture of charge carriers from the excited-state (ES) levels to the ground-state (GS) one that results in a gradual increase in population of the excited states. At a sufficiently high current, which can be considered as a threshold of two-state lasing, optical gain on the first excited-state (ES1) optical transition becomes sufficient to balance optical loss in the laser cavity, which leads to the appearance of stimulated emission for the ES1 optical transition. Two-state lasing is somewhat similar to widely tunable lasing, because both exploit the excited-state optical transition of QDs. However, the former effect manifests itself in a conventional laser cavity, whereas the latter requires a certain spectrally selective element.



Two-state lasing can be useful for realization of broad-band laser emission. For example, very broad lasing spectra of about 75 nm in the 1.2–1.28 μm wavelength range have been achieved by intentional inhomogeneous broadening of the GS optical transition peak and contribution of lasing via the excited-state transitions [14]. A possibility of spectral filtering of individual Fabry-Perot modes and their independent external modulation at 10 Gb/s with a bit error rate less than 10−13 has been demonstrated [15]. In [16], an all-optical switching mechanism between the GS and the ES emission of a QD laser has been demonstrated. Very fast times on the order of several hundreds of picoseconds were obtained for switching between the states. A novel encoding scheme that combines advantages of multilevel signaling and wavelength division multiplexing by exploiting the switching from the GS to ES lasing in QD lasers with an increase in injection current was proposed in [17]. Groups of two bits have been proposed to assign to lasing spectra that comprise either one or both GS and/or ES1 lasing or absence of lines depending on injection current, which can take one of four levels. The abovementioned results show the aptitude of two-state lasing in QD lasers for high-speed optical data transmission.



Two-state lasing can only be observed in a certain range of optical loss [18]. On the one hand, if the loss is too low, the onset of two-state lasing requires unpractically high current density. On the other hand, if the loss is too high, lasing starts immediately through the ES1 optical transition, while the GS spectral component is not observed. Since optical loss can be easily changed in stripe lasers by varying the cavity length, to date, two-state lasing has been investigated in detail, both experimentally and theoretically, for the stripe QD lasers. Dynamic characteristics associated with the switching of lasing between different states of quantum dots in such lasers were investigated in [19] using a reverse biased absorber section. Temperature evolution of two-state lasing conditions were studied in [13,20]. An analytical description of two-state lasing and its characteristics, in particular, quenching of the GS emission at high injection levels, were investigated in [21,22,23]. An influence of modulation p-doping of QDs, which results in a change of lasing threshold currents, was studied in [18]. In a QD microdisk with a diameter of 1 μm, lasing under optical pumping was observed through the ES1 optical transition [24].



However, the two-state lasing phenomenon has not yet been studied in QD-based microlasers. The present work is aimed at eliminating this gap and is focused on an experimental study of the emission characteristics of microlasers with disk cavities of various diameters comprising InAs/InGaAs/GaAs QDs. In the case of MDs, optical loss is varied by changing the cavity diameter [3] similar to changing the resonator length in stripe lasers, which, as we will show, leads to an appearance of a dependence of the threshold current densities for GS- and ES-lasing on the microdisk diameter.




2. Materials and Methods


A laser heterostructure for experimental studies was grown by molecular beam epitaxy on an n+-GaAs substrate with a 500 nm thick n+-GaAs buffer layer. The laser light-emitting region represents a QD array formed by consistent deposition of 2.5 monolayers of InAs followed by deposition of 5 nm In0.15Ga0.85As. The structure contains 10 layers of QDs separated from each other by GaAs spacer layers of 35 nm thickness, with the central part doped with acceptors with concentration of 5 × 1017 cm−3. The waveguiding layer is sandwiched between n+ and p+ Al0.25Ga0.75As claddings with a thickness of 2.5 and 2.2 µm, respectively. The structure was terminated with a heavily doped p+-GaAs contact layer of 200 nm thick.



Microdisk cavities were formed from the laser heterostructure by photolithography and plasma-chemical etching. The microlasers are about 28, 24, 20 or 9 µm in diameter and about 6 µm in height. According to our estimates, the effective volume of the WGM varied from 35 to 8 μm3 for resonators with a diameter within the specified range. Round-shaped metal contacts to the p+-GaAs layer were formed at the tops of the microcavities using AgMn/Ni/Au metallization. A solid AuGe/Ni/Au metal n-contact was deposited to the back side of the preliminarily thinned substrate. A scanning electron microscopy image of representative microdisks is depicted in Figure 1a. Chips with several microdisk lasers were soldered with indium to a copper heatsink, which was also used for electrical connection to the n-contact of the microlasers. A BeCu microprobe was used for individual connection to p-contact of separate microdisks.



The bias voltage to the microlasers was applied in a pulsed regime with a pulse width of 300 ns and repetition rate of 4 kHz in order to reduce possible influence of self-heating of the lasers. The pulsed current amplitude was measured using an inductive probe. The collection of electroluminescence from microdisks was carried out with a microobjective (Mitutoyo M Plan APO NIR 50x). Further, the electroluminescence emission was directed via a multimode optical fiber to an Andor Shamrock 500i grating monochromator with a diffraction grating containing 1200 lines per millimeter. The emission was detected by an InGaAs CCD array with thermoelectric cooling. When the integrated intensity of laser emission is discussed, it was obtained as the area under the respective spectral curves of lasing modes within a certain optical transition band, e.g. the GS one. The experimental setup is schematically drawn in Figure 1b. The results presented below are stable over time for at least a couple of hours and are reproducible for each specific microdisk.



For the sake of comparison of the spectral characteristics, broad area lasers were fabricated from the same epitaxial wafer. The stripe width was 100 µm. The cavity length varied from 0.25 to 2 mm. Cleaved facets were left uncoated. The lasing spectra and light-current curves of the stripe lasers were studied in pulsed regime. The slope efficiency and threshold current density were extracted.




3. Results and Discussion


3.1. Spectral Analysis of Microdisk Lasers


The electroluminescence spectra of spontaneous emission of the microdisk laser structures show several broad bands (full width at half maximum is about 50 nm). They were assigned to radiative recombination of charge carriers occupied several energy levels of the QDs and of the covering InGaAs quantum well. According to the emission spectra of the 20 µm microdisk presented in Figure 2a, spectral bands of emission related to the GS and three excited-state (ES1, ES2 and ES3) optical transitions of QDs are centered at room temperature near the wavelengths of 1265, 1170, 1100 and 1040 nm, respectively. The quantum well (QW) manifests itself as a weak spectral band located around 970 nm.



WGMs involved in lasing are observed in the spectra as narrow lines with a spectral width (limited by the spectral resolution) of less than 0.2 nm. As can be seen from Figure 2a, lasing first starts at the GS optical transitions of QDs; a representative spectrum is shown for a current of 13 mA. As the injection current grows (56 mA), lasing lines appear within the spectral band of the ES1 optical transition, which means that two-state lasing occurs. It should be noted that the additional line arises on the shorter-wavelength side of the spectrum. This distinguishes two-state lasing from injection current-induced switching of the lasing line to a longer wavelength cavity mode. The latter process is related to a temperature increase in the active region and is expected to be much slower compared to switching between the quantum states [16].



In brief, an appearance of two-state lasing in a QD laser [12,13] can be explained as follows. The charge carriers relax from the excited-state level to the ground-state one. A cascade relaxation of the charge carrier over a ladder of QD electronic states has been confirmed, for example, in experiments on time-resolved luminescence [25]. When lasing on the GS optical transition occurs, the population of the ES1 level does not clamp, and the ES1 gain continues growing with increasing the injection current. Finally, lasing on the ES1 optical transition starts.



A further increase in current (180 mA) leads to a gradual decrease in the intensity of lasing lines within the GS optical transition, while the lines within the ES1 optical transition continue to grow in intensity. These trends are clearly visible in Figure 2b, which shows the dependence on the injection current of the integrated intensities of lasing modes within the GS and the ES1 optical transitions for the same 20 µm microdisk laser. The lasing through the GS optical transition starts with a threshold current IthGS of about 6 mA, which was estimated from the kink in the GS light-current curve. Similarly, the threshold current of two-state lasing, i.e., the current IthES1 when the ES1 laser emission appears, was found to be about 40 mA. Although the integrated intensity of the GS laser emission continues increasing with current, at 60 mA the intensity of the ES1 emission already starts to dominate. After that, the GS intensity begins to decrease with further increasing current. Such a decrease of the GS lasing intensity at high injection currents in the two-state lasing regime was previously observed in edge-emitting QD lasers, and was explained in terms of the competition of GS- and ES1 electrons for “joint” holes and the difference in the hole and electron capture rates into QDs [26,27].



Microdisks with cavity diameters more than 20 µm show similar behavior but with different threshold currents IthGS and IthES1 (dependences of the threshold current density on the microdisk diameters will be discussed further). In all these cases, lasing also starts at the wavelengths corresponding to the GS optical transition, and at sufficiently high currents, two-state lasing occurs with simultaneous emission via the GS and ES optical transitions. It is worth mentioning that more than one WGM lasing line is typically observed within both the GS and ES1 emission bands. The spectral spacing between neighboring WGMs (free spectral range, FSR) is about 6.8, 5.8 and 5.0 nm for the 20 µm, 24 µm and 28 µm microdisks, respectively. These FSRs are significantly smaller than the minimum spectral distance between groups of the GS and ES1 lasing modes, which is 50 nm at least. This facilitates an individual detection of the spectral components involved into two-state lasing even at low spectral resolution of a detection system.



A slightly different situation is observed for the microdisk laser of the smallest diameter of 9 µm, where lasing first starts at the ES1 optical transition (Figure 3a, IthES1 ≈ 6 mA), and the GS laser emission is not observed at all. This indicates that the total optical loss, whatever its cause, in this small cavity exceeds the saturated gain achievable at the GS optical transition. Due to the higher degeneracy of the ES1 quantum level compared to the GS one, the optical gain at the ES1 optical transition turns out to be large enough to compensate the loss. It is seen that an increase in the injection current above the lasing threshold leads to an increase in the integrated intensity of the ES1 laser emission (Figure 3b). Once the current exceeds 90 mA (IthES2), the emergence of an additional blue-shifted lasing line is observed in the electroluminescence spectrum. This line (group of lines) is within the ES2 optical transition, so the two-state lasing effect in the 9 µm microdisk represents a combination of the ES1 and ES2 laser emission. Beyond the two-state lasing threshold, the intensity of the ES2 emission increases, while the intensity of the ES1 laser emission diminishes.



It is unusual in QD lasers for two-state lasing to occur through ES1 and ES2 optical transitions rather than through the GS and ES1 ones, i.e., that the quantum numbers of lasing transitions are increased by one. As far as we know, the two-state lasing regime involving two excited-state optical transitions of quantum dots has not been observed so far. This suggests that the degree of degeneracy of the ES2 level is even higher than that of ES1. Although Stranski-Krastanow QDs have a more complex shape than a sphere, it can nevertheless be pointed out that the degree of degeneracy of the GS, ES1 and ES2 quantum levels in a sphere is 1, 3 and 5, respectively (without taking into account spin degeneracy).




3.2. Threshold Current Density of Microdisk Lasers


Next, the current densities of the laser thresholds were studied as a function of the microdisk diameter. Several microdisks of each diameter were studied. The obtained data are presented in Figure 4. The observed scatter of the current density can be associated with the influence of the dispersion of microcavity parameters caused by the roughness of the side walls and a possible deviation from the expected size and shape (see also the discussion of the data presented in Figure 6). Nevertheless, the trends on the plot are very distinct.



An increase in the current density for the GS lasing threshold, JthGS, is observed with a decrease in the cavity diameter  D . This can be attributed to several physical mechanisms, such as non-radiative recombination at microdisk sidewalls or rise of optical loss in smaller disks. The former effect becomes significant if the device size is comparable to the carrier diffusion length Ld [28]. However, this is not the case for the QD microlasers under study, since Ld (which is about 0.1 µm [29]) is expected to be much smaller than the diameter. Another possible reason, which we believe to be the most important, is the growth in optical loss in smaller microdisks. In particular, light scattering by the sidewall roughness [30] and light absorption in the near-surface depleted region [31] depends on the diameter as   1 / D  .



Meanwhile, the current density for the onset of ES1 lasing, JthES1, decreases. This can be attributed to the fact that higher optical loss in smaller cavities causes higher charge carrier concentrations to occupy all excited-state quantum levels, including the ES1 one, which facilitates earlier lasing through the ES1 optical transition. This can be explained in terms of the Pauli blocking, which slows down the carrier relaxation rate from the ES1 level to the GS one when the latter is partly occupied [32]. Thus, the current density interval between JthGS and JthES1, where pure GS-lasing occurs, shrinks as the diameter gets smaller up to complete collapse at a certain critical diameter DES1. Once the microdisk becomes smaller than DES1, no GS lasing can be observed, and the first lasing threshold represents the onset of ES1-lasing, as discussed for the 9 µm microdisk. According to the extrapolation of the experimental data presented in Figure 4, the critical diameter is about 14 µm (at room temperature).




3.3. Broad Area Lasers


Estimation of loss from the spectral width of the lasing line faces difficulties caused by the uncertainty of the Henry factor, the effect of gain in the active region, and the influence of the spectral resolution of the optical measurement system. Since there is no simple formula for evaluating loss in a microdisk, it is useful to compare the microdisk characteristics with those of stripe lasers made of the same QD epitaxial wafer. Similar two-state lasing behavior has been observed for edge-emitting lasers when the stripe length shortens [33]. The critical point corresponds to the maximum optical loss,    α  G S   m a x    , at which GS lasing is still possible. In its turn, the value of    α  G S   m a x     is close to the saturated (maximum) optical gain, which can be achieved on the GS optical transition.



The measured lasing wavelength, threshold current density, and differential quantum efficiency of the broad-area lasers are presented in Figure 5a against the cavity length. It was found that the critical cavity length, LES1, at which lasing begins at the ES1 optical transition and GS lasing disappears, is approximately 0.4 mm. It falls within the interval from 425 to 375 µm, where the lasing wavelength λ drops from 1259 nm (GS) to 1172 nm (ES1), respectively. For even shorter laser cavities, one more jump in the lasing wavelength down to 1099 nm is observed. This wavelength corresponds to the ES2 optical transition, and the critical cavity length, LES2, falls in the range from 250 to 200 µm.



The differential quantum efficiency data for the cavity lengths of GS lasing can be fitted well by the equation:


   1   η D    =  1   η  i n       1 +    α  i n      1 L  ln   1 / R       ,  



(1)




where    η  i n   = 0.6   is the internal efficiency of laser emission,    α  i n   =   3.1 cm−1 is the internal optical loss, and R is the facet reflectivity, which is assumed to be 0.3. Using the obtained value of the internal loss, and taking into account that the output loss for stripe laser is    L  − 1   ln   1 / R    , the maximum optical loss of GS lasing can be estimated as:


   α  G S   m a x   =  1   L  ES 1     ln   1 / R   +  α  i n   .  



(2)







The calculation gives 33 ± 2 cm−1. Using Equation (2) with the critical length    L  ES 2     instead of    L  ES 1    , the maximum optical loss    α  ES 1   m a x     of ES1 lasing can be found, which is 57 ± 6 cm−1. It should be noted that the real value may be somewhat higher due to an increase in the internal loss in short laser cavities.



It is also worth mentioning that the two-state (GS-ES1) lasing effect is pronounced in the edge-emitting lasers with the cavity lengths close to the critical one, LES1 or LES2. As an example, Figure 5b demonstrates emission spectra measured at different injections for the 425 µm long laser. The ES1 emission appears already at a current of 1.15 A (2.71 kA/cm2), i.e., very close to the GS lasing threshold, which is 0.85 A (2 kA/cm2).




3.4. Comparison of BA and Microdisk Lasers


Returning to microdisk lasers, one can suggest the total loss in lasers with a diameter of 14 μm is equal to    α  G S   m a x    . It is natural to assume that the internal losses in the lasers of stripe geometry and in the microdisks are of the same value. If so, then the dependence of total optical loss on the diameter of the microdisk lasers under study can be described by the following equation:


   α  μ − d i s k   =  A D  +  α  i n   ,  



(3)




where  A  is a coefficient which describes the combined effect of sidewall roughness scattering and near-surface absorption. The value of the coefficient   A =   421 cm−1 × µm was determined, taking into account that the loss reaches its maximum value    α  G S   m a x     when the diameter is equal to the critical one:


  A =    α  G S   m a x   −  α  i n      D  ES 1   .  



(4)







In [28], it was found that the optical loss in microdisk lasers with a dense array of InGaAs QDs is inversely proportional to the diameter with the coefficient A of 2000 cm−1 × µm. The modelling revealed that for those microdisk lasers, sidewall scattering is responsible for (16–390) cm−1 × µm, while the main contribution to the value of A (~1700 cm−1 × µm) is made by absorption by empty QDs in the near-surface region. The fact that the surface density of the InAs/InGaAs QDs in the microdisk lasers under study is approximately five times lower compared to that of [31] can explain a lower value of A in the former case. Using the parameter A, as well as the value of the maximum optical loss    α  ES 1   m a x    , estimated from the stripe lasers, it can be assumed that in microlasers of an even smaller diameter (7 μm or less), lasing will begin at the ES2 optical transition. It should be noted that the onset of two-state lasing is determined by the occupation of the QD states, which, in turn, depends not only on loss, but also on the saturated (maximum) modal gain of the active region. Thus, it is easier to achieve two-state lasing in a laser heterostructure with a lower saturated gain. Accordingly, the critical diameter will increase.



It is interesting to compare the threshold current densities obtained for the microdisk and the stripe lasers. These data are presented in Figure 6. It is seen that the lowest values of the threshold current density among microdisk lasers of the same diameter are in good agreement with those of the BA lasers. This indicates that nonradiative recombination at the side walls of the microdisks is insignificant. Otherwise, surface recombination would lead to higher threshold current densities in all microdisks. A number of microdisk laser data points, for which the threshold current density values exceed those for stripe lasers, can be attributed to a non-reproducibility of the manufacturing process of microdisk lasers. For example, this can lead to increased light scattering on the side walls and, consequently, to higher optical losses compared to its nominal value.





4. Conclusions


The features of two-state lasing in microlasers with quantum dot active region are investigated for different disk cavity diameters at room temperature. The two-state lasing emission occurs via the ground and the first excited-state optical transitions in the microlasers larger than the critical diameter, which is estimated as 14 µm for room-temperature operation. The maximum optical loss at which GS lasing can be achieved was estimated at 33 cm−1. The coefficient describing the dependence of optical loss on the disk diameter was evaluated as 421 cm−1 × µm. The lowest threshold current densities of the microdisk lasers are in a good agreement with that of the stripe lasers, having nominally the same optical loss. Thus, the sidewall nonradiative recombination does not affect the microdisk laser characteristics. For possible application of two-state lasing in QD microdisk lasers (e.g., for a hybrid multilevel/spectral encoding), it is convenient to have a small difference between the threshold current densities for the first (GS) and the second (two-state) lasing. The experimental results obtained indicate that this difference decreases with decreasing microdisk size and completely disappears for microdisks of the critical diameter. Two-state lasing involving the first and the second excited-state optical transitions was observed for the first time in the smallest microdisk of 9 µm in diameter.
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Figure 1. Scanning electron microscopy image of the microdisks under study; length of the scale bar is 20 µm (a); sketch of the experimental setup (b). 
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Figure 2. Electroluminescence (EL) spectra of the 20 µm microdisk measured at different injection currents at room temperature (a) and dependence of the integrated intensity of lasing modes for GS (circles) and ES1 (squares) optical transitions (b). Several spectra in figure (a) are vertically shifted for better clarity with the appropriate coefficients shown in figure. 
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Figure 3. Electroluminescence spectra of the 9 µm microdisk measured at different injection currents (a) and dependences of the integrated intensity of lasing modes for ES1 (squares) and ES2 (triangles) optical transitions on the injection current (b). Several spectra in figure (a) are vertically shifted for better clarity with the appropriate coefficients shown in figure. 
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Figure 4. Dependences of threshold current densities on microdisk diameter for lasing through different optical transitions: GS (circles), ES1 (squares), or ES2 (triangles). Lines are guides to the eye. Arrow indicates critical diameter for GS lasing. 
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Figure 5. Threshold current density (circles), lasing emission wavelength (squares) and reciprocal differential quantum efficiency (triangles) as function of stripe laser length (a). Lasing spectra (not to scale) taken at different currents for 425-µm-long sample (b). 
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Figure 6. Threshold current density of GS (solid symbols) and ES1 (open symbols) lasing for stripe (squares) and microdisk (circles) lasers as function of total optical loss. 
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