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With continuously growing global data traffic, silicon (Si)-based photonic integrated circuits have emerged as a promising solution for high-performance Intra-/Inter-chip optical communication. However, a lack of a Si-based light source remains to be solved due to the inefficient light-emitting property of Si. To tackle the absence of a native light source, integrating III-V lasers, which provide superior optical and electrical properties, has been extensively investigated. Remarkably, the use of quantum dots as an active medium in III-V lasers has attracted considerable interest because of various advantages, such as tolerance to crystalline defects, temperature insensitivity, low threshold current density and reduced reflection sensitivity. This paper reviews the recent progress of III-V quantum dot lasers monolithically integrated on the Si platform in terms of the different cavity types and sizes and discusses the future scope and application.
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INTRODUCTION
Si photonics is a key technology to confront the fast-growing data traffic in advanced data-communication network infrastructures, e.g., data centres and high-performance computing [1], replacing current copper interconnectors with optical interconnection on a single chip. {Thomson, 2016 #39}The emerging challenges for transmission, manipulation and storage of voluminous data have motivated extensive research in Si-based photonic components. It enables chip-scale photonic integration with Si microelectronics; however, current state-of-the-art optical transceivers are based on the III-V platform [2, 3]. Indeed, recent developments in Si-based photonic integrated circuits (PICs) have revealed the enhanced device performance and versatile functionality due to its fast transmission rate, broad bandwidth and low power consumption [4]. Moreover, the superior economic advantage of Si from the cheap raw material and complementary metal-oxide-semiconductor (CMOS) compatibility boosts the manufacturing scalability and commercial viability of photonic building blocks, such as waveguide [5, 6], modulators [7, 8], detectors [9, 10], and resonators [11]. However, it remains challenging for group-IV bulk materials to become an efficient light source such as laser diodes and light-emitting diodes due to their indirect bandgap. While significant progress has been made to alleviate the bottleneck for realising Si-based light sources, e.g., porous Si [12], Si nanocrystals [13], Erbium (Er)-doped Si materials [14], Ge-on-Si lasers [15–17], GeSn lasers [18–21] and Si Raman lasers [22–24], failure to operate under electrical pumping conditions or poor device performance, evidenced by the ultra-high threshold current, hinders the practical deployment of group IV-based light emitters. On the other hand, III-V compound semiconductors, due to their excellent optoelectronic properties, render them promising candidates for reliable laser sources on Si for future all-optical integration and optoelectronic integrated circuits. With the aid of recent advances in well-established and well-functioning III-V lasers—particularly, quantum-dot (QD) lasers—on Si, the development of Si-based PICs will revolutionise not only the optical communication system but also other application fields such as sensing [25], imaging [26], metrology [27], quantum computing [28] and automotive light detection and ranging [29].
Hybrid and monolithic integration are commonly discussed to realise high-performance III-V lasers integrated on Si substrate. Even though the hybrid integration has been well established by using wafer bonding techniques and has already been commercialised by Intel and other leading industry companies, monolithic integration is regarded as a feasible low-cost, larger-scale, and higher yield integration solution. However, the main challenge of the monolithic integration is the material dissimilarities between III-V materials and group-IV materials; for instance, a high density of threading dislocations (TDs) is generated due to the large lattice mismatch. Recently, the combination of defect-tolerant QD as an active region and strained layers as a defect filter layer has been extensively studied for demonstrating high-performance and reliable Si-based on-chip light sources.
In this paper, we will start by reviewing the challenges and solutions in the monolithic integration and discuss the importance of QDs as an active region in Section 2. Then, in Section 3, the recent demonstration of QD edge-emitting lasers grown on Si substrate is reviewed and discussed in terms of different cavity configurations, e.g., Fabry-Perot (FP), distributed feedback (DFB) and mode-locked lasers. The recent remarkable results of micro and nanoscale Si-based QD lasers with different microcavities are presented in Section 4. The final section gives a brief discussion and conclusion to the whole review paper.
MONOLITHIC INTEGRATION OF III-V QD LASERS ON SI
Over the past decades, significant efforts have been devoted to integrating III-V active materials on Si, the method of which can be generally classified into two categories: heterogeneous integration and monolithic integration [29]. Although the heterogeneous approach has been intensively studied and sufficiently matured to be commercially adopted by industry, this approach still has limitations, including expensive, small-sized III-V substrates and low integration density [30]. In this regard, the monolithic integration, capable of providing economically efficient mass production and dense integration, has attracted substantial interest recently [31]. Moreover, the defect-tolerable III-V QD lasers have demonstrated the feasibility of direct growth of III-V on Si. Indeed, recent experiments show evidence that the performance and reliability of QD lasers grown on Si are now approaching those on native III-V substrate, which underpins the commercial feasibility of this method [32]. Therefore, the monolithically integrated III-V QD lasers on Si are the most promising light source, fulfilling the cost-competitive and large-scale production demand for the booming Si photonics market.
Challenges of Monolithic Integration
The well-known practical problem of monolithic integration is the generation of crystalline defects from significant material dissimilarities between III-V materials and Si substrate. These defects act as non-radiative recombination centres and shunt paths in the fabricated device, which significantly degrades the device performance [33]. In addition, the lifetime and maximum operation temperature are also constricted because the defects grow under ageing conditions, attributed to the recombination-enhanced climb process [34]. The main issues of heteroepitaxial growth of III-V on Si are stated as follows: 1) Antiphase boundaries (APBs) and antiphase domains (APDs) are generated due to the growth of polar III-V on non-polar Si and monatomic steps on the surface of Si substrate, as shown in the atomic force microscopy (AFM) image of Figure 1A. 2) A high density of TDs is generated along with misfit dislocations because of large lattice mismatch. Figure 1B shows that while the most of misfit dislocations are concentrated on the III-V/Si interface, the TDs propagate into the III-V material. 3) During the cooling down process, thermal cracks are formed to relax the accumulated thermal stress caused by the difference in thermal expansion coefficient, as shown in Figure 1C.
[image: Figure 1]FIGURE 1 | (A) AFM image of APBs. (B) Bright-field scanning TEM image of TDs. (C) Top-view microscopy image of thermal cracks on the wafer surface. Reproduced with permission from Ref. [33].
Various methods have been conducted to reduce defect density to assure high-performance, long-term reliability devices. One representative approach to diminish APBs is the use of miscut Si substrates with a slight 4°–6° offcut angle from the (001) orientation. This is because the structural reconstruction of monatomic steps to double-atomic, which is believed to be responsible for suppressing the formation of APBs, can be achieved by high-temperature annealing and surface treatment [35]. With the offcut Si substrates, for example, QD lasers achieved impressive continuous-wave (CW) lasing results, including the lowest reported threshold current density of 62.5 A/cm2 (4° offcut silicon substrate) [36] and the highest recorded maximum operation temperature of 119°C (the 6° offcut substrate with Ge buffer layer) [37]. However, these results are achieved at the expense of their CMOS compatibility, which is one of the significant benefits of Si photonics. For standard CMOS processing, the miscut angle of silicon substrates should be less than 0.5°. To date, implementing intermediate buffer layers (e.g., Ge, GaP and GaAs) [38–40] and patterned Si substrate [41, 42] has been widely developed to obtain APB-free III-V on on-axis Si substrates. Still, the involvement of the metal-organic chemical vapor deposition (MOCVD) in both processes, particularly for the growth of QD lasers, complicates the device manufacturing procedure and increases the cost because most of QD laser structures are typically grown by molecular beam epitaxy (MBE) system which has been proved as an ideal method to grow the QD. In other words, the APB-free MOCVD-grown buffers on on-axis Si still require the use of MBE system in order to obtain high-quality QD lasers. Meanwhile, direct growth using only MBE process without intermediate buffer layers or patterned Si has also been progressed to suppress the formation of APBs by carefully optimising the growth condition and buffer layer [43–45]. Recently, MOCVD and MBE are both widely used in scientific research and industrial production, and they have proved successful in the heteroepitaxial growth of III-V materials on the Si platform. However, the use of MOCVD and MBE focuses on the different areas due to their unique properties. A detailed comparison of MBE and MOCVD is presented in Table 1.
TABLE 1 | Comparison between MBE and MOCVD epitaxial growth.
[image: Table 1]To reduce threading dislocation density (TDD), thermal cycle annealing and strained-layer superlattices (SLSs) as dislocation filter layers (DFLs) are commonly adopted [46]. The SLSs restrict the upward propagation of TDs by bending them laterally and thus promoting self-annihilation, while thermal cycle annealing supplies enough kinetic energy to accelerate this process. The growth of an III-V nucleation layer on Si substrate also reduces TDD and the surface’s flattening [47]. Figures 2A,B show cross-sectional transmission electron microscopy (TEM) images of an AlAs nucleation layer and DFLs, respectively. Figure 2A shows that a thin AlAs layer offers a very smooth interface for subsequent growth of the GaAs layer (36). As shown in Figure 2B, the propagation of TDs is effectively inhibited by increasing the number of DFLs. All MBE-grown III-Vs on the 4° offcut Si [36], and the on-axis Si with AlGaAs nucleation layers [43] produce the TDDs of ∼105 cm−2 and 4.7 × 107 cm−2, respectively. The use of v-groove patterned Si substrate [48] and GaP intermediate layer [49], along with the utilisation of SLSs and thermal cycle annealing, also exhibits low TDDs of 3 × 106 cm−2 and 7 × 106 cm−2, respectively. However, since the TDD of III-V on native GaAs substrate gives a value of 103–104 cm−2 [31], which is a few orders of magnitude lower than that on Si substrate, there is still space for reducing the TDD to enhance the laser performance further.
[image: Figure 2]FIGURE 2 | (A) Dark-field scanning TEM image of the 6 nm AlAs nucleation layer. (B) Bright-field scanning TEM image of the buffer layer, including DFLs. Reproduced with permission from [36].
The presence of thermal micro-cracks in the epilayer should also be considered because this leads to restriction in the growth thickness of III-V material. Solutions to release this thermal stress experienced during growth temperature variation include the engineering of strain profile [50], selective area growth and growth on the deeply patterned Si substrates [51, 52].
Advantages of QDs
With the advent of modern QD engineering technology, III-V lasers have an exciting opportunity to further improve their performances through the unique quantum confinement effect of QD. The nanostructured semiconductor QDs are confined in all three dimensions on the order of the de Broglie wavelength, typically 7–70 nm [53]. Due to the restriction of carrier momentum, all available energy states in QD exist at discrete states, which results in a delta function-like density of state (DoS). Hence, this effective carrier localisation reduces transparency current density and lower threshold current than quantum-well (QW) lasers [54]. In addition, the thermal energy distribution of electrons in the quantised DoS is significantly decreased, which makes the QD temperature-insensitive compared with other higher dimensional structures [31]. This is experimentally proved by the maximum operating temperatures of QD lasers on GaAs native and Si substrates as high as 220°C [55] and 130°C [56], respectively, which are well beyond the requirement in datacom and telecom applications; for instance, a typical operating condition in data centres is ∼80°C. Finally, it is worth mentioning that the emission wavelength of InAs QDs is suitable for Si photonics, which avoids the band-edge absorption of Si waveguides.
After the idea of QD was first theoretically proposed in 1982 [57], it was not until 1994 that experimental verification of semiconductor QDs was reported via the Stranski-Krastanov (S-K) growth method [58]. The S-K growth begins with a layer-by-layer growth and then switches to the island growth above a certain critical thickness to relax the strain. The shape of QDs is often either lens-shaped or truncated pyramid-shaped. Figures 3A–C present the scanning images of InAs/GaAs dot-in-well structure obtained through AFM, bright field and high-angle annular dark-field TEM techniques, respectively. The AFM indicates a dot density around 4.0 × 1010 cm−2, while each layer of the dot is separated by a ∼50 nm of GaAs material. A typical QD is around 10 nm height and 20 nm width. The size and shape of the QD influence the degree of confinement of charge carriers. As the size of QD increases, the transition energy level—the bandgap—decreases. Therefore, small-sized QDs emit light at a shorter wavelength with higher energies; on the contrary, large dots emit light at a longer wavelength [59]. Therefore, an ensemble of QDs grown in a self-organised manner results in an inhomogeneously broadened gain spectrum due to the fluctuation of the dot dimension. Figure 3D shows the photoluminescence (PL) spectrum of InAs/GaAs QDs on native GaAs and Si substrates. The spectral width of inhomogeneous broadening can be determined from the PL spectrum. The peak PL intensity of QD on GaAs/Si is lower than that on native GaAs substrate, with a slight blue-shift, mainly because of the increased number of crystalline defects. There is a broad range of tunability for QD properties, such as dot density, size, shape and homogeneity. With stringent control of material composition and growth conditions, the property of QDs can be tailored to the specific need for a wide range of applications.
[image: Figure 3]FIGURE 3 | (A) AFM image of an uncapped InAs/GaAs QDs grown on Si. (B) Bright field scanning TEM images of the QD layers. (C) High-angle annular dark-field scanning of a single QD (false colour). (D) A photoluminescent spectrum of InAs/GaAs QD on native GaAs substrate. Reproduced with permission from Refs. [36, 44].
The high tolerance to defect in QD devices is of paramount importance for the direct growth of III-V on Si because many defects are inevitably generated during the heteroepitaxial growth. For instance, unlike the QW structure, the propagation of TDs towards the surface can affect only a restricted number of QDs, leaving most of QDs intact and continuously workable [36]. Figure 4A shows the possible interactions between TDs and QDs through scanning TEM measurement. In addition, the strain field around QDs can bend the upward propagation of TDs underneath the QDs [60, 61]. Moreover, typical carrier diffusion lengths for QD and QW systems at room temperature (RT) are ∼1 µm and several microns, respectively. Owing to the reduced carrier diffusion length, the carriers in QDs are unlikely to interact with defects, thus minimising the surface recombination effect. In general, under ageing conditions, defects experience recombination-enhanced climb effect that degrades the lifetime and reliability of the device. This phenomenon was observed by the extension of misfit dislocation, generation of dislocation loops and point defects proximate to the misfit dislocations [34]. However, it was found that the dislocation climb effect was slower in a QD system [62]. This climb inhibition is mainly due to the effective carrier localisation within self-assembled QDs, which reduces the number of carriers escaping from the dots and thus limits the occurrence of non-radiative recombination events such as Shockley-Read-Hall (SRH) recombination and Auger recombination [62].
[image: Figure 4]FIGURE 4 | (A) Bright-field scanning TEM images show the potential interactions between threading dislocations and QDs. (B) RIN spectra of QD and QW lasers under different levels of feedback. (C) Optical spectra (Top) and RF spectra (Down) of QW and QD lasers under feedback strength at 3×Ith. Reproduced with permission from Refs. [36, 63, 74].
The employment of QDs also provides better dynamic properties, such as low relative intensity noise (RIN) and linewidth enhancement factor (LEF), compared with the QW structure [63, 64]. In the optical communication system, a low RIN is desired to improve the data transmission rate and distance with a high signal-to-noise ratio (SNR) and low bit-error-rate (BER). To date, the RIN values as low as −160 dB/Hz in both GaAs-based and InP-based QD lasers have been reported [65, 66]. For the Si-based QD lasers, the RIN values between −150 dB/Hz and −160 dB/Hz have been published [67]. Figure 4B compares RIN spectra measured in the 0–10 GHz range between QW and QD lasers [63]. The QD laser demonstrates a stable RIN spectrum over a wide range of frequencies, whereas large spikes are identified in the QW laser. In addition to the RIN, the LEF is also an important parameter that affects the laser performance, including narrow spectral linewidth, enhanced feedback insensitivity and low-frequency chirp during high-speed modulation. The QD can theoretically have a predicted zero LEF due to the perfectly symmetrical gain curve according to the Kramers-Kronig relationship [68]. However, in practical QD lasers, several factors, such as inhomogeneous distribution of QDs and crystal defects, cause a non-zero LEF value [69, 70]. Nonetheless, a near-zero LEF of 0.13 can be attained in QD lasers [71], which is much lower than the typical values of 2–5 in QW lasers [72, 73]. Interestingly, the QD structure can obtain a negative LEF value. In this case, zero LEF can be achieved by increasing the bias level because LEF increases with current injection above threshold due to gain clamping [68].
External optical feedback (EOF) has detrimental effects on the device performance, such as linewidth broadening, coherence collapse, increased phase noise, and mode hopping at high current [63]. The QDs are proved to have a strong tolerance to the optical feedback due to low LEF and high damping factor [75]. Figure 4C shows the optical and RF spectra of QD and QW lasers biased at 3×Ith under various feedback strengths [74]. The QW experienced a more considerable broadening in the optical mode than the QD. In the RF mode, intense nonlinear oscillations were observed in the QW laser, implying that the laser enters the coherence collapse regime, whereas nothing was identified in the QD laser. All these observations confirm higher feedback immunity of QD than QW. The capability of high tolerance to optical feedback paves the way for establishing isolator-free integration, reducing the packaging complexity, device footprint and energy consumption.
P-type Modulation Doping in QDs
Despite the superior theoretical performance of QD lasers, a weak confinement of the holes leads to a degradation in performance at high operating temperatures [68]. To provide more holes to the QD active region, a P-type modulation doping technique was proposed and developed by researchers from the University of Texas, Austin [76–78]. Indeed, the employment of p-modulation doping in the active region is now well known for improving the thermal performance of QD lasers. This is usually done by adding Be into a GaAs spacer layer to provide extra holes. The spacer layer separates each QD layer for strain relaxation and avoids electronic coupling between layers. The thermal broadening of charge carriers controls the temperature sensitivity. In III-V materials, the hole confinement in the QD is much smaller in respect to the electron confinement due to heavier effective mass and tightly spaced energy levels in the valence band (VB) [71]. Consequently, holes can easily be thermalised and escape from the dot. By adding extra holes into the active region, the quasi-fermi level in VB is lowered, which eases the condition for population inversion [79]. As a result, the gain and temperature stability are improved, but at the cost of increased threshold and decreased slope efficiency at RT due to increased optical loss by higher carrier absorption and increased non-radiative recombination [68]. However, as temperature increases to a certain critical value, the threshold of p-doped QD laser becomes lower than that of the unintentionally doped lasers. It is worth mentioning that the LEF of the p-doped QD laser is smaller than the undoped. As the concentration of p-doping increases from 0 to 1 × 1018 cm−3, LEF decreases from 0.48 to a negative value of −0.66 [29]. A recent study also found that for p-doped QD lasers, the RIN level is very stable across temperatures ranging from 15 to 35°C with a minimum value of −150 dB/Hz [80]. The concentration of p-doping needs to be optimised, as the performance improvement slows down with increased concentration of p-dopant due to increased rate of non-radiative recombination and scattering process, accompanied by the state-filling effect [81].
EDGE-EMITTING QD LASERS ON SILICON
Edge-emitting lasers emit light horizontally along the axis of the cavity. In this configuration, the light travels in a more extended gain medium, thus providing higher output power than surface-emitting lasers. Figure 5 illustrates the recent progress in the threshold current for various edge-emitting InAs/GaAs QD lasers monolithically grown on Si, including basic FP lasers, mode-locked lasers (MLLs), DFB lasers and tunable lasers. All values are taken under CW operation at RT. Not surprisingly, the threshold current shows a decreasing trend no matter which method is used to suppress the formation of APDs. This can be attributed to gradually enhanced QD growth, including QD density and uniformity, along with the development of high-quality buffer layers to reduce TDD in the epilayer. The more advanced device structure and fabrication technique may further enhance the performance, e.g., high-reflection coating on the as-cleaved facet to reduce mirror loss, high-quality metallisation to reduce series resistance, and better heat dissipation technology to surpass the gain limitation at high current.
[image: Figure 5]FIGURE 5 | Recent developments of threshold current for QD lasers monolithically grown on silicon.
FP Laser
Since the first demonstration of 1.3 µm InAs/GaAs QD lasers on 4° offcut Si substrate under pulsed operation by Wang et al. from UCL in 2011 [47], a CW operation of QD lasers on offcut Si was realised with a drastic reduction in threshold current density to 62.5 A/cm2 and increased output power of >100 mW from a single facet, via the improved buffer layer design and epitaxial growth technique in 2016 [36]. Subsequently, the first CW electrically pumped InAs/GaAs QD lasers on on-axis (001) Si was reported in 2017 [45]. However, they suffered from a relatively high threshold current density of 425 A/cm2 and a low maximum operating temperature of 36°C. Recently, these lasing parameters were significantly improved to 160 A/cm2 and 52°C, respectively, by the same group, optimising the buffer design and growth condition [44].
Besides intensively studied broad area lasers, narrow ridge lasers that guarantee fundamental transverse electronic mode lasing are now garnering more attention [82–84]. Reducing the ridge width down to a few microns, a lower threshold current and better heat dissipation are also expected due to the reduced injection area and efficient current confinement. However, the sidewall recombination effect becomes significant along with the increase in series resistance. For instance, Kwon et al. [43] reported CW InAs/GaAs QD lasers directly grown on on-axis Si, which operate at over 100°C without implementing p-doped active region from the University of Tokyo [43]. In this work, neither intermediate buffer layer nor patterned substrate was applied, and the device dimension was 1,100 × 7 μm, producing a reasonable threshold current density of 370 A/cm2. UCSB reported further improvement on reducing TDD to 3 × 107 cm−2, and narrow ridge width lasers achieved a threshold current (density) as low as 11 mA (173 A/cm2) and maximum operating temperature of up to 80°C [85].
Table 2 summarises the recent achievements of III-V FP lasers on Si, including the material quality as quantised by TDD and device structure. The operating wavelength range is focused on O-band due to the utilisation of InAs/GaAs QDs. Although C-band operation based on the InP platform is also crucial for mid/long-haul communication, the progress of 1.55 µm QD lasers on Si has been hindered by far more significant lattice mismatch between InP and Si than that between GaAs and Si [86, 87]. Indeed, unlike QD lasers grown on InP native substrate, C-band QD lasers on on-axis (001) Si can operate only under pulsed injection with a high threshold current density of 1.6 kA/cm2 due to high TDD and rough epilayer surface [88]. Furthermore, the typical TDD of InP on Si is on the order of 108 cm−2 [88]. Therefore, 1.55 µm CW electrically pumped QD lasers on Si remain to be further explored.
TABLE 2 | Recent progress of III-V FP QD lasers epitaxially grown on silicon.
[image: Table 2]Note. HR, RT, CW, Jth and Tmax stand for high reflection, room temperature, continuous-wave, threshold current density, and maximum operating temperature.
A. DFB Lasers
DFB lasers, an array of single-longitudinal-mode lasers, cover a wide range of wavelengths with a high side-mode suppression ratio (SMSR) and high mode stability [94]. The individual wavelength channels and channel spacing of DFB lasers can be controlled by changing the gratings. Therefore, they have been widely employed as a light source for wavelength division multiplexing (WDM) systems [95, 96].
The first InP DFB laser monolithically grown on Si was demonstrated by Wang et al. at Ghent university in 2015. The Si-based O-band QD DFB array was also shown by employing the selective area growth technique achieved by the same research group in the following year [97]. However, these devices are limited by optical pumping and small wavelength coverage. In 2018, UCL and SUN Yat-sen University researchers demonstrated the first electrically pumped InAs/GaAs QD DFB laser array monolithically integrated on Si [98]. In this work, an array of six devices exhibits a high SMSR of 50 dB, O-band wavelength coverage of 100 nm, and channel spacing of 20 nm, satisfying the requirement of a commercial WDM system. However, the use of 4° offcut Si substrate inhibits the compatibility with CMOS foundries.
The first O-band QD DFB lasers monolithically grown on on-axis (001) Si substrate were demonstrated in 2020 [99]. Figure 6A presents a schematic illustration of QD lasers. In this work, the GaP/Si template was used to suppress the formation of APDs, and a low TDD of 7.3 × 106 cm2 was achieved. As a result, a high QD density of over 5 × 1010 was observed in the inset of Figure 6A. Figures 6B–D illustrate scanning electron microscope (SEM) images of the grating before regrowth and bright-field TEM images of regrowth interface and whole laser structure, respectively. In Figure 6E, emission spectra at various current injections were presented. The fabricated lasers demonstrated CW lasing operation with a threshold current of 20 mA (threshold current density of 440 A/cm2) at RT, a maximum output power of 4.4 mW, and a maximum operating temperature of 70°C. In particular, the maximum output is much larger than the previously reported DFB laser (0.5 mW) [98]. In addition, the wavelength coverage over 50 nm (1,285–1,338 nm) and SMSR of more than 50 dB were achieved from a five-wavelength QD DFB laser array.
[image: Figure 6]FIGURE 6 | (A) Schematic image of the fabricated QD DFB. (B) SEM image of the gratings before regrowth step. (C) Bright field scanning TEM image of the regrowth interface. (D) Bright field scanning TEM image of the layer structure and (E) emission spectra under various currents. Reproduced with permission from [99].
B. Mode-locked Lasers
In addition to the DFB lasers, a single MLL, which allows multiple-wavelength emission simultaneously with stable channel spacing, has also been regarded as another appealing on-chip WDM light source. The MLLs simplify the packaging process and reduce the cost and system loss [100]. Furthermore, the unique properties of QDs, including inhomogeneous broadening, ultrafast gain recovery, and low amplified spontaneous emission (ASE) noise, are of great importance for high-performance MLLs. Accordingly, much effort has been focused on fabricating QD MLLs with a high repetition rate, short pulse duration, and low timing jitter over the ultrawide gain spectrum.
A QD MLL on Si with a repetition rate of 20 GHz was demonstrated in 2019 [101]. The GaP/Si template and chirped QD system were employed in this work. Unlike single-wavelength lasers with narrow linewidth, the MLL requires a broad gain spectrum that can cover a wide range of wavelengths. Therefore, to extend the gain bandwidth, the thickness of the capping layer and emission wavelength of each QD layer was carefully controlled, resulting in a PL full width at half maximum (FWHM) of 69 nm. Figure 7A shows that the conventional two-section deeply etched device with a ridge width of 3 µm and device length of 2048 µm was fabricated. The saturable absorber (SA) section was 14% of the total device length, and no coating was applied on both facets. The threshold current at RT was measured to be 42 mA under CW operation. The fabricated device produced ultra-short pulses with a 20 GHz repetition rate, minimum pulse duration of 5 ps (Figure 7B), RF linewidth of 1.8 kHz and a low timing jitter value of 82.7 fs. In Figure 7C, the optical spectrum measured with a semiconductor optical amplifier (SOA) showed a 3 dB bandwidth of 6.1 nm with 51 channels and 10 dB bandwidth with 80 channels. As shown in Figure 7D, the average RIN of the entire spectrum was −152 dB/Hz, measured from 10 MHz to 10 GHz. Terabit transmission experiment was also performed with 32 Gb and PAM-4 signals. Using 64-wavelength channels transmit with relatively low BERs, an aggregate total transmission capacity of 4.1 Tbit/s was measured.
[image: Figure 7]FIGURE 7 | (A) Schematic image of the two-section silicon-based passively mode-locked QD- MLL. (B) The narrowest pulse generated by the QD-MLL on silicon. (C) Optical spectrum and linewidth of each mode measured with a SOA. (D) RIN spectrum of the QD-MLL. Reproduced with permission from Refs. [101, 102].
QD LASERS WITH MICROCAVITY ON SILICON
Using Si micro and nanoscale photonics technology as an inter-chip optical connecter is vital to realise quantum computing, optoelectronic integrated circuits, and an optical microprocessor [1, 103]. However, developing an inter-chip optical connecter requires a Si-based, small-footprint, high-quality, and low energy consumption light source. Although the Si-based ridge-waveguide lasers with QD active region have been extensively investigated in recent years, their large size is incompatible with the micro and nanoscale photonic integrated circuits (nanoPICs). On the other hand, semiconductor lasers with a microcavity, such as a microring and a microdisk, have superior optical properties of ultra-low threshold and high-quality factor (Q-factor) due to the low-loss high-quality whispery gallery modes (WGM). Moreover, monolithically integrated III-V lasers with a micro-scale footprint can further increase the integration density of a single laser device on a Si chip. Furthermore, the unique property of ultra-low operating power of such microlaser can further reduce the energy cost for a new type of inter-chip optical connection, which supplies laser source for nanoPIC. However, integrating such microdisk and microring lasers directly on the Si platform via the monolithic method requires a proper growth strategy, as we mentioned in the previous sessions.
Another type of nano-laser, using photonic crystal (PhC) as a cavity, has recently attracted substantial interest because of its advantages, such as strong spontaneous emission rate, single-mode operation, and ultra-low energy consumption. In addition, the PhC laser is also considered a potential candidate for a nanoscale light source of nanoPICs and integration with other small microelectronic components on a single Si chip. In this section, recent works on the Si-based QD laser with different types of microcavity are reviewed and discussed.
Microring Laser
Recently, Si-based microring lasers using InAs QDs as an active region have been well exploited. Researchers from Hong Kong University of Science and Technology and the University of California, Santa Barbara, demonstrated MOCVD-grown strain-relaxed and high-quality GaAs and InP buffer layers on the V-shaped on-axis (001) Si substrate [104–106]. To obtain this platform, the V-groove shape is first lithographically defined via line openings on a (001) Si substrate using SiO2 growth mask, while the SiO2 stripes lie along the [110] direction. Then, the V-shaped trenches with <111> facets were formed by using KOH etching [106]. As seen in Figure 8A a high density of defects is generated at the interface of the GaAs and Si within a region of 10 nm thickness [107], while the twisted defects are trapped at the tip of the Si ridge. As a result, visibly defect-free GaAs is obtained inside the V-shape. Finally, as shown in Figure 7B, the thin-film structure is grown by removing the SiO2 layer and then growing the flat GaAs and InP layers.
[image: Figure 8]FIGURE 8 | (A) High-resolution TEM image of GaAs material grown on the V-shaped Si substrate, (B) Fabrication process of the InP/GaAs material on V-shaped Si substrate. Reproduced with permission from Ref. [107].
Based on this platform, 1.3 and 1.55 µm electrically pumped InAs QD microring lasers were developed with high operating temperature and low threshold [108–112]. C-band microring laser will be focused on in this review paper, as the O-band microring lasers have been reviewed extensively [32, 113]. In 2019, Si et al., who demonstrated electrically pumped 1.5 µm InP-based QD microring lasers grown on InP/GaAs/Si platform, reported a TDD at a low level of 108 cm−2 after growing three sets of the InGaAs/InP strained-layer as a defect filter layer on the platform [108]. As presented in Figure 9A, a QD laser structure was grown on the optimised InP/GaAs/Si platform, which consists of five layers of InAs/InAlGaAs QD active region embedded between 630 nm-thick InP n-type cladding layer and 1.2 µm InP-thick p-type cladding layer. The microring cavity was formed by using inductively coupled plasma reactive ion etching (ICP-RIE) deep etching technique, followed by N- and P-type metal deposition of Ti/Pt/Au and Ge/Au/Ni/Au, respectively. An 800 nm thick SiO2 passivation layer was then deposited on the microring structure by plasma-enhanced chemical vapour deposition system. The fabricated microring laser with a cavity radius of 25 µm is presented in the SEM image of Figure 9B.
[image: Figure 9]FIGURE 9 | (A) Schematic diagram of InAs QD laser grown on InP/GaAs/Si platform. (B) Fabricated microring laser with metal contacts for electrical operation. (C) L-I curves of the laser operating from 20 to 70°C. Reproduced with permission from [108].
The laser device was tested under pulsed mode with different operating temperatures (up to 70°C), as shown in Figure 9C. The threshold current and slope efficiency reached 50 mA and 0.0075 W/A at RT, respectively. The characteristic temperature, T0, was measured to be 51.5 K. Although the state-of-the-art microlaser device for Si photonics requires CW operation and operating temperature over 75°C, this result is still a remarkable progress, which can be further enhanced by reducing the TDD and improving the quality of sidewall.
Microdisk Laser
QD laser with microdisk cavity, which is another ideal candidate for an on-chip light source in Si photonics, has recently been extensively developed due to its less on-chip space, low-power-consumption on dynamic and static, compared with microring laser [114]. In 2019, Zhou et al. demonstrated 1.3 µm microdisk lasers directly grown on on-axis Si (001) substrate with a few micrometre diameters [115]. To achieve high-performance III-V lasers monolithically integrated on Si substrate, a 400 nm APD-free GaAs layer was grown on the on-axis Si substrate by using MOCVD. The Si double-atomic steps were created by using hydrogen annealing at 1,200°C, which suppresses the formation of APD [116]. After the growth of the GaAs buffer layer, the wafer was sent to the MBE system for the subsequent step growth. Then, the four sets of InGaAs/GaAs SLS DFLs are grown to further reduce the TDD to the level of 106 cm−2 [117, 118], followed by a 1 µm Al0.6Ga0.4As sacrificial layer. The active region consists of three layers of InAs/GaAs QD grown on a 2 nm InGaAs QW and capped by a 4 nm of InGaAs layer. Each layer of the QDs was separated by 50 nm-thick, high temperature grown GaAs material [119].
The microdisk cavity was fabricated by the ICP-RIE technique. Figure 10A presents a schematic illustration of the fabricated microdisk cavity. The fabricated cavity only has a diameter of around 2 μm, as shown in Figure 10B. The lasing spectra are presented in Figure 10C, indicating that three lasing peaks are observed at 1,187 nm, 1,263 nm and 1,352 nm. The L-L curve in Figure 10D shows the threshold optical power of ∼2.6 ± 0.4 μW and the reduced FWHM with the injection optical pump power increase.
[image: Figure 10]FIGURE 10 | (A) Schematic diagram of InAs QD microdisk laser monolithically grown on-axis Si (001) substrate. (B) SEM of the fabricated microdisk cavity. (C) Lasing spectra under different injection optical pump. (D) L-L curve and FWHM corresponding to the emission wavelength of 1,263 nm. Reproduced with permission from Ref. [115].
Photonic Crystal Laser
Compared with microdisk and microring cavities, the PhC cavity has better control of the light confinement due to the high Q-factor, ultrasmall mode volume (Vmode) and large Purcell factor (proportional to Q/Vmode), as well as ultralow energy consumption due to the enhanced light-matter interaction. Those superior properties encourage the PhC laser to implement Si-based nanoPICs as an on-chip high-efficiency light source.
Recently, Zhou et al. demonstrated QD lasers grown on Si platform with 2D photonic crystal cavity, as schematically shown in Figure 11A [120]. Four layers of the dot-in-well structure were grown on a GaAs/Si on-axis (001) substrate, embedded within two sets of 40 nm Al0.4Ga0.6As and 50 nm GaAs guiding layers, as shown in Figure 11B. The PhC pattern was defined by electron beam lithography and fabricated by using ICP-RIE dry etching to obtain the air-hole through the top to the sacrificial layer, as shown in Figure 10C and inset. The lattice constant of the fabricated PhC is 310 nm with an air-hole radius of 0.27, as the total size of the PhC is a few micrometres. In Figure 11D, it is found that some residuals are left on the sidewall of PhC due to the wet etching process. The PhC laser was measured under CW optical pumping by a 632.8 nm He-Ne laser. Figure 11E presents lasing spectra under different excitation power from 0.6 to 8 times threshold power, indicating a single-mode emission with FWHM of 0.68 nm at a threshold power of 0.6 μW. The demonstrated results prove the feasibility of using a PhC laser as a nanoscale light source for the inter-chip optical interconnects.
[image: Figure 11]FIGURE 11 | (A) Schematic diagram of InAs/GaAs QD PhC laser. (B) The layer structure of the active region. (C) Top-view SEM image of the fabricated PhC cavity; inset: tilted SEM image. (D) cross-section SEM image of the PhC cavity. (E) Lasing spectra under different injection power Reproduced with permission from Ref. [120].
DISCUSSION AND CONCLUSION
This paper reviews the recent progress of monolithically integrated III-V QD lasers on Si platforms. Owing to the superior properties of QD and the optimised growth strategy, high-performance FP, DFB and mode-locked edge-emitting lasers grown on the Si platform have been demonstrated, while the performances are comparable to the devices grown on III-V native substrates in terms of the ageing, threshold, power, SMSR, etc. It can be concluded that the Si-based edge-emitting lasers are good enough to be off-chip light sources for Si photonics. However, it is still challenging for those lasers to be deployed as an on-chip light source due to the relatively thick buffer layer, which increases the difficulty of coupling the light into Si waveguides and other optical components on Si-on-insulator platform. The following research goal of this area will be to develop an efficient light coupling method between the lasers and waveguides; for example, reducing the buffer thickness can maximise the feasibility of light coupling, using selective area growth technique to create an in-plane coupling between the lasers and waveguides. To further reduce the cost of using modulator in the PICs, a higher direct modulation speed of QD lasers needs to be developed, as the current QW lasers already demonstrate over 50 GHz direct modulation speed [121, 122].
The Si-based micro and nanoscale lasers have also been developed recently due to their potential applications, including an optical microprocessor, quantum computing, optoelectronic integrated circuits, etc. Despite the successful demonstration of the electrically pumped operation of the microring and microdisk lasers on Si via monolithic and hybrid integration methods [123, 124], an electrically pumped PhC laser directly grown on Si substrate has not been demonstrated yet, compared with the hybrid integration method [125, 126]. To realise a practical QD-based micro/nano laser on Si, electrically pumped operation along with fast modulation speed, high SMSR, and long lifetime needs to be established. Furthermore, a proper integration strategy needs to develop to combine the micro/nanoscale laser with microelectronic devices integrated by back-end technology [127].
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