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A silicon-based monolithic laser has long been desired. Recent demonstration of lasing from direct bandgap group-IV alloy GeSn has opened up a completely new approach that is different from the traditional III-V integration on Si. In this study, high-quality GeSn samples were grown using a unique spontaneous Sn-enhanced growth recipe with an Sn composition as high as ~20.0%. GeSn lasers based on waveguide Fabry-Pérot and micro-disk cavities were fabricated and characterized. The waveguide features better local heat dissipation, while the micro-disk offers stronger optical confinement plus strain relaxation. The maximum operating temperature of 260 K was achieved from a waveguide laser, and a threshold of 108 kW/cm2 at 15 K was achieved from a micro-disk laser. A peak lasing wavelength of up to 3.5 μm was obtained with a 100-μm-wide ridge waveguide laser.
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INTRODUCTION

Silicon, Germanium, and their alloys have been the most significant materials for the electronics industry that have driven the digital revolution. The well-known “Moore's law” has led to the rapid miniaturization of devices, which has yielded an ever-increasing density of fast components integrated on Si. Over the past few decades, the device feature size has almost reached to its ultimate physical limits. Meanwhile, a tremendous effort has been made to broaden the reach of these materials by developing their photonic functionalities, which is evidenced by the development of Si photonics [1]. Among the many active (light emitters, photodetectors, modulators, etc.) and passive (waveguides, couplers, switches, etc.) devices that make up a complete set of components for Si photonics, a light source that can be monolithically integrated on Si has long been desired for the next-generation photonic integrated circuits on an Si platform, but it is also the most challenging of these devices due to the intrinsic bandgap indirectness of group-IV semiconductors of Si, Ge, and SiGe alloys [2, 3]. Although Si-based rare-earth-doped lasers and Raman laser have been demonstrated [4–6], their low efficiency and lack of direct electrical pumping operation prevent them from being of practical use. A Ge laser relies on band-to-band transitions and employs strain-engineering and/or heavy n-type doping to compensate for the relatively small bandgap energy difference between its indirect and direct valleys. It therefore features a relatively high lasing threshold and suffers from fabrication difficulties [7, 8]. Currently, Si photonics utilizes direct bandgap III-V lasers as light sources via various integration approaches such as wafer-bonding or direct growth [9–11].

Recent study on GeSn alloys opens a new avenue for the development of Si-based optoelectronic devices with possible complementary metal-oxide-semiconductor (CMOS) compatibility [3]. By incorporating Sn into a Ge lattice, a new material platform, i.e., GeSn, has been created that has tremendous new electrical, optical, and mechanical properties that could dramatically change the future landscape of photonics [12, 13]. It has been predicted that the GeSn alloy could possess a direct bandgap if the Sn content is sufficient [14]. True direct bandgap GeSn was experimentally identified in 2014 [15], and this was followed by the first demonstration of an optically pumped GeSn band-to-band laser using a Fabry-Pérot (F-P) cavity in early 2015 [16]. Since then, GeSn lasing has been reported by various research groups worldwide [17–26]. To improve laser performance, various approaches have been applied to facilitate population inversion and carrier and optical confinement, such as using a heterostructure (HS), a multi-quantum-well (MQW) layer structure, or a micro-disk optical cavity. A brief review of GeSn laser development is shown in Table 1.


Table 1. A brief review of GeSn laser development.
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Although the device performance has since been dramatically improved, as evidenced by the increased operation temperature and reduced lasing threshold, a study on laser configurations is highly desirable, as this could lead to further improvement of lasing in terms of possible room-temperature operation and electrical pumping. In this work, two GeSn samples with Sn compositions as high as ~20.0% were grown in a standard industrial reactor using newly developed growth recipes. Each sample was processed into both ridge waveguide and micro-disk structures. The former features better local heat dissipation, while the latter offers improved optical confinement and strain relaxation. The optically pumped lasing characteristics with the two structures were studied. The maximum operating temperature of 260 K was achieved for the ridge waveguide laser, with a lasing peak wavelength of up to 3.5 μm. Meanwhile, a 15 K threshold of 108 kW/cm2 was obtained for the micro-disk laser.



MATERIAL GROWTH AND CHARACTERIZATION

The GeSn samples were grown on a Ge-buffered Si substrate using an industrial standard ASM Epsilon® 2000 PLUS reduced pressure chemical vapor deposition (RPCVD) reactor with commercially available precursors GeH4 and SnCl4. The Ge buffer layer is almost relaxed, with a nominal thickness of 700 nm (residual strain of ~−0.1%). A multiple-step Sn-enhanced growth recipe was used, which was developed and reported in our previous study on the spontaneous-relaxation-enhanced (SRE) Sn incorporation process: the gradual relaxation of the material facilitates Sn incorporation [17, 27], resulting in an increased Sn composition along the growth direction. Two samples (denoted by A and B) with Sn compositions as high as ~20.0% were grown. Detailed information on the growth process can be found elsewhere [28, 29]. After growth, the Sn composition was determined by secondary ion mass spectrometry (SIMS), strain was extracted by X-ray diffraction reciprocal space mapping (XRD RSM), and GeSn thickness and material quality were assessed through cross-sectional transmission electron microscopy (TEM). SIMS and XRD 2θ-ω scans were also used to cross-check the layer thicknesses and Sn compositions.

Figures 1a,b show cross-sectional views of TEM images of samples A and B, respectively. For each sample, the Ge/GeSn interface is clearly resolved, as marked with a dashed line. Two layers can be observed distinctly in the GeSn layer and are labeled 1st and 2nd in the images. The 1st layer over the Ge buffer is defective. This is due to the lattice mismatch between Ge and GeSn, which results in a relatively high threading dislocation density (TDD) [17]. The formation of threading dislocation loops in the 1st GeSn layer prevents the threading dislocations from penetrating the 1st GeSn layer and then propagating into the 2nd GeSn layer, resulting in a relatively low-defect density in the 2nd GeSn layer [30]. From TEM images, the thicknesses of the 1st and 2nd GeSn layers are 450 and 970 nm and 380 and 830 nm for samples A and B, respectively.


[image: Figure 1]
FIGURE 1. Cross-sectional TEM image of (a) sample A and (b) sample B showing each layer and the material quality; (c) SIMS depth profiles of the Sn concentration with the 1st and 2nd GeSn layers indicated.


The SIMS results for the GeSn are shown in Figure 1c. For each sample, two distinct layers can be clearly observed, corresponding to the 1st and 2nd GeSn layers seen in the TEM images. Both layers exhibit a spontaneously Sn-enhanced gradient. For sample A, the Sn composition increases from 11.0 to 15.0% in the 1st layer and from 15.0 to ~20.0% in the 2nd layer. Meanwhile, for sample B, the corresponding Sn composition increases are from 11.9 to 15.2% and from 15.2 to ~20.0%, respectively. The gradual increase in the Sn composition can be explained as follows: a nominal 11 or 11.9% Sn recipe was used at the beginning of material growth, and once the critical thickness of GeSn on Ge is reached, the relaxation of the GeSn could facilitate Sn incorporation, leading to an Sn increase along the growth direction.

To investigate the optical transitions in the GeSn layer, the PL spectra were studied using a 532-nm continuous wave (CW) laser as the excitation source and a standard off-axis configuration with a lock-in technique. A detailed description of the setup can be found elsewhere [15]. Figure 2A shows the normalized PL spectra of sample A measured at 300 K and 10 K. From 300 to 10 K, the integrated PL intensity increases ~50 times, as shown in Figure 2C, which is an unambiguous signature of a direct-bandgap material. A PL peak blueshift at lower temperature following the Varshni empirical model was observed as expected. Note that due to H2O and CH4 absorptions at 3.0 and 3.2 μm, a multi-peak feature was obtained in the shorter wavelength region of the main PL peak. Peaks at ~3,600 and 3,800 nm might be due to defects [31] and will be the subject of another study.


[image: Figure 2]
FIGURE 2. Normalized PL spectra at 10 and 300 K of (A) sample A and (B) sample B; (C) temperature-dependent normalized integrated PL intensity.


Normalized PL spectra of sample B as measured at 300 and 10 K are shown in Figure 2B. A PL peak intensity increase (of ~35 times, as shown in Figure 2C) together with a blue shift at lower wavelength were obtained. The PL peak of sample B at 10 K has a shorter wavelength than does sample A (3,050 nm vs. 3,150 nm), which is due to the higher compressive strain in the GeSn layer for sample B. The possible defect peak at ~3,600 nm was also observed for this sample.



LASER DEVICE FABRICATION

The GeSn samples were fabricated into laser devices. For each sample, two types of devices were fabricated. (i) Ridge-waveguide-based edge-emitting lasers, created using standard photolithography and wet chemical etching processes (devices A1 and B1 using samples A and B, respectively). The etching depth was set at 800 nm to provide sufficient mode confinement. After etching, the sample was lapped down to a ~70 μm thickness then cleaved to form the F-P cavity. (ii) Micro-disk surface-emitting lasers, created using e-beam lithography and anisotropic dry etching processes (devices A2 and B2). The under-etching in GeSn micro-disks is done via selective and isotropic CF4-based dry etching. The thickness and diameter of the micro-disk were measured to be ~1 and 10 μm, respectively. Scanning electron microscope (SEM) images of the devices are shown in the insets to Figure 3.
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FIGURE 3. (A) Light output power vs. pump laser power of device A1 at 77 and 260 K. Inset: top left: L-L curves on a log-log scale; top right: SEM image of the device; bottom: emission spectra below (0.8×) and above (1.5×) the threshold at 260 K; (B) L-L curves of device A2 at 15 and 230 K. Inset: top: normalized emission spectra at different temperatures; bottom: SEM image of the device.




OPTICAL PUMPING CHARACTERIZATION

Optical pumping characterization of waveguide-based lasers was performed using a pulsed laser operating at 1,064 nm with a 45-kHz repetition rate and a 6-ns pulse width. The laser beam was collimated to a narrow stripe (~20 μm width) via a cylindrical lens to pump the GeSn waveguide structure. Since the spatial intensity profile of the laser beam has a Gaussian distribution, the knife-edge technique was applied to determine the pumping power density [32]. The device was first mounted on a Si chip carrier and then placed into a continuous flow cryostat for cryogenic characterization. The emission from the facet was collected by a spectrometer and then sent to an InSb detector (cutoff at 5.0 μm). The integrated emission intensity was measured by setting the grating at zero order.

Plots of the light output power vs. pump laser power for device A1 (width and length of 100 and 2,750 μm, respectively) at 77 and 260 K are shown in Figure 3A. The corresponding thresholds are 356 and 6,055 kW/cm2, respectively [26]. The maximum operating temperature of 260 K is close to room temperature. We attributed the relatively high operating temperature to (i) the high material quality achieved using our unique multiple-step Sn-enhanced growth recipe, evidenced by the low TDD; and (ii) the modal overlap of ~65.4% with the low TDD GeSn gain region (2nd GeSn layer) based on lasing mode pattern calculations using a 2D mode solver.

High-resolution lasing spectra were measured at 0.8 and 1.5 times the lasing threshold pumping power densities at 260 K and are shown in the inset in Figure 3A. Below- and above-threshold characteristics were clearly observed. A lasing peak at 3.5 μm was obtained. Due to the relatively large area of the cavity facet, the lasing spectra show typical multimode lasing characteristics [17]. The peak linewidth was extracted using a Gaussian data fitting method. In the inset to Figure 3A, the full width at half maximum (FWHM) of each resolved peak ranges from 2 to 3 meV [19]. The dramatic reduction in the peak linewidth compared with the FWHM of PL spectra measured at 10 K, which is ~23 meV (Figures 2A,B), is a clear lasing signature. Note that, based on theoretical calculations, the longitudinal mode spacing is ~1.3 nm while the transverse mode spacing is only ~0.01 nm. Due to the spectrometer limit of 0.1 nm, each observed peak should consist of multiple peaks that are mostly overlapping [16], and these peaks cannot be further discriminated.

The optical pumping characterization of micro-disk lasers was performed using a pulsed laser operating at 1,064 nm with a 51-kHz repetition rate and a 0.6-ns pulse width. The excitation laser beam was focused on the sample with a Cassegrain reflective objective, which was also used to collect the emission signal. The signal was then analyzed by a Fourier transform infrared (FTIR) spectrometer equipped with an InSb photodetector. The excitation spot has a ~20 μm diameter, which is large enough to cover the entire micro-disk cavity surface.

Figure 3B shows the L-L curves of device A2 at 15 and 230 K. The threshold at 15 K was measured to be 108 kW/cm2. The relatively low threshold is mainly due to the improved optical confinement offered by the micro-disk structure and the partial removal of the Ge/GeSn interface with the associated dislocations. At higher temperatures, due to the weak signal below the threshold, it is difficult to extract the threshold values accurately using only the L-L curves. However, the emission spectra below and above the threshold are very clear and so were used to identify the thresholds. The inset to Figure 3B shows the normalized emission spectra at different temperatures. The high-resolution spectrum at 15 K clearly indicates multimode lasing. A lasing peak can be observed up to 250 K. At 260 K, a broad emission spectrum with a lower intensity was obtained, suggesting that spontaneous light emission is dominant. As the temperature increases from 15 to 250 K, the corresponding lasing peak shifts from 2.9 to 3.4 μm.

Figure 4A shows the L-L curve of device B1 (width and length of 5 and 1,250 μm, respectively) at 77 and 150 K. The lasing thresholds varied from 203 to 609 kW/cm2 at temperatures ranging from 77 to 150 K, which is the maximum operating temperature. The lower threshold at 77 K of device B1 compared to device A1 might be due to the slightly higher Sn composition in sample B (Figure 1c), which results in a favorable population of electrons in the direct Γ valley under the same pumping power density [19]. On the other hand, the maximum operating temperature of device B1 (150 K) is substantially lower than that of device A1 (260 K). This can be explained by the wider ridge of device A1 (100 μm), which improves heat dissipation compared to device B1, which has a narrower ridge (5 μm) and suffers from enhanced free carrier absorption.


[image: Figure 4]
FIGURE 4. (A) Light output power vs. pump laser power of device B1 at 77 and 150 K. Inset: top: lasing spectra at 77 and 150 K; bottom: L-L curves on a log-log scale. (B) L-L curves of device B2 at 15 and 230 K. Inset: normalized emission spectra at different temperatures.


The inset to Figure 4A shows the lasing spectra at 1.5-times the lasing threshold at 77 and 150 K. A lasing peak redshift with increased temperature was observed, as expected. At 150 K, lasing occurred at 3.0 μm. Clear multimode lasing spectra can be seen at each temperature, with a peak linewidth that is similar to that of device A1.

The L-L curves of device B2 at 15 and 230 K are shown in Figure 4B. The threshold at 15 K was measured to be 177 kW/cm2, which is comparable to that of device B1. The normalized emission spectra at different temperatures are shown in the inset to Figure 4B. A maximum lasing operation temperature of 230 K was obtained, corresponding to a peak wavelength of 3.3 μm. The lasing characterization results are summarized in Table 2.


Table 2. Summary of lasing characterization.
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Although the excitation methods are different for ridge waveguide and micro-disk lasers, a general discussion on device performance is as follows. (i) The material quality of sample A is higher than that of sample B, so that with the same laser structure, for the ridge waveguides (FP cavity), the maximum operating temperature of device A1 (260 K) is higher than that of device B1 (150 K); moreover, B1 has less efficient heat dissipation due to its narrow ridge width; for the micro-disks (MD), the maximum operating temperature of device A2 (250 K) is higher than that of device B2 (230 K), and, at 15 K, the threshold of A2 is lower than that of B2. (ii) Although sample B features slightly higher Sn content than sample A, the higher degree of compressive strain results in a similar lasing wavelength for all devices at the same temperature. (iii) Since the wider ridge waveguide structure features better local heat dissipation while the micro-disk structure offers improved optical confinement, they both achieve relatively high operating temperatures (260 and 250 K for samples A1 and A2). At higher temperature, local heating may be the dominant factor. (iv) For device B1, the heat dissipation capability is considerably reduced due to the narrow ridge width (5 μm compared to 100 μm in device A1); considering its weaker optical confinement compared with device B2, a maximum operating temperature of 150 K was obtained. Moreover, for device B2, the shorter pumping pulse duration (0.6 ns) reduces the local heating effect, resulting in its operating temperature being 80 K higher than that of device B1.



CONCLUSION

In this work, two GeSn samples were grown using a multiple-step Sn-enhanced growth approach and were then used to fabricate lasers with ridge waveguide and micro-disk structures. The enhanced heat dissipation and optical confinement improved the device performance. The maximum operating temperature of 260 K was achieved with a waveguide laser, and a threshold of 108 kW/cm2 at 15 K was obtained with a micro-disk laser. A lasing wavelength of up to 3.5 μm was observed. By optimizing the cavity geometry, further enhanced optical confinement and local heat dissipation can be achieved for FP and micro-disk cavities, respectively, and therefore the device performance can be significantly improved.
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