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Abstract:  

The monolithic growth of III-V semiconductor lasers on Si remains the ‘holy grail’ for full-scale 

deployment of Si photonics with reduced cost and added flexibility. Further, semiconductor lasers 

with active regions made from quantum dots (QDs) have shown superior device performance over 

conventional quantum well (QW) counterparts and offer new functionalities. There are other 

advantages of QDs for monolithic III-V-on-Si integration over QWs, such as QD devices being less 

sensitive to defects. It is, therefore, not surprising that the past decade has seen rapid progress in 

research on monolithic III-V QD lasers on Si, with a view to leveraging the benefits of QD gain 

region technology while benefitting from the economics of scale enabled by monolithic growth. This 

review has a special focus on O-band III-V QD lasers monolithically grown on Si for Si photonic 

optical interconnects, including Fabry-Perot lasers, distributed-feedback laser array, and micro-lasers. 

The successes and challenges for developing monolithic III-V lasers on Si are discussed.  

Key words: Quantum dot, Semiconductor lasers, Monolithic Integration, Molecular Beam Epitaxy, 

Si Photonics.  

 

1. Introduction  

The beauty of Si photonics stems from its ability to combine Si microelectronics and photonics on the 

same chip that offer the tantalizing promise of cost-effectively fulfilling the ever-growing 

requirements on optical data transmission speed and bandwidth [1]. While, over the last few decades, 

the Si photonics community has made tremendous progress towards siliconizing individual photonic 

building blocks, including modulators [2-4], detectors [5-7], waveguides [8, 9], and 

multiplexers/demultiplexers [10][11], the absence of an integrated Si laser is a fundamental obstacle 

to widespread deployment. Si has an indirect bandgap that impedes efficient radiative recombination 

and thus blocks lasing [12]. Despite recent advances in group IV-based light emitters, such as Si 

Raman lasers [13, 12], germanium-on-Si lasers [14], GeSn-on-Si lasers [15], these lasers will not, in 

the foreseeable future, outperform their III-V counterparts. As a result, much effort has been directed 

towards hetero-integration of high-performance III-V lasers on Si substrates, both by hybrid wafer-

bonding and by direct epitaxial growth. Despite the fact that the former approach constitutes the most 

mature and successful approach for creating III-V lasers on Si [16-20], the latter one, in the long term, 

remains the ultimate dream for cost-effective high-volume integration of photonic circuits [21- 23].  

 

Semiconductor lasers utilizing quantum dots (QDs) as the active region have been extensively 

investigated over the past decades. To date, III-V QD lasers have shown superior device performance 
over the conventional quantum well (QW) lasers in terms of lower threshold and significantly 

improved temperature insensitivity [24, 25]. Recently, QD technology has gained considerable 

interest in monolithic III-V-on-Si integration due to its robust tolerance to defects which can be 

mailto:siming.chen@ucl.ac.uk


2 

 

attributed to the effective carrier localization in the self-assembled nanostructures and hence reduced 

probability of interaction with defects [26, 27]. It is not surprising that QD lasers grown on Si have 
won an overwhelming victory over QW lasers grown on Si in many respects and demonstrated device 

performance and reliability that is comparable to lasers grown on native III-V substrates.  

 
The combined strengths of QD active region techniques and monolithic III-V-on-Si integration 

technology are poised to revolutionize Si photonics. In this review article, we summarise recent 

achievements for O-band III-V InAs QD lasers epitaxially grown on Si substrates and describes how 

QD technology has opened up new avenues in monolithic III-V-on-Si integration technology, 

enabling efficient and reliable Si-based lasers for Si photonics. This review starts with the challenges 

associated with the monolithic integration of III-Vs on Si substrates in Section 2, followed by 

discussion of the advantages of QD over QW structures for use in monolithic integration in Section 3. 

Section 4 focuses on the 1.3 µm InAs QDs lasers monolithically grown on Ge substrates, Ge-on-Si 

substrates, Si substrates with off-cut and on-axis Si (001) substrates. Section 5 describes monolithic 

QD distributed feedback laser arrays on Si substrates operating at O band. Before the Conclusion, 

Section 6 discusses 1.3 µm QD micro-lasers monolithically grown on Si substrates.  

 

2. Challenges for monolithic integration  

The idea of monolithic integration of III-V materials on Si platform is, of course, not a new topic. 

First attempts to growth GaAs thin films on Si substrates started in the 1980s [28, 29] and continued 

in the 1990s with InP-based materials on Si, especially at NTT in Japan [30, 31]. This approach, 

despite being investigated for decades, yielded little progress. This is because, unfortunately, 

monolithic III-V-on-Si integration poses critical issues stemming from the large material dissimilarity 

between III–V and Group IV materials, including polar III-Vs versus non-polar Si surfaces, large 

lattice mismatch and different thermal expansion coefficients [32-34].   

 

The first issue, as seen in Figure 1(a), is the formation of antiphase boundaries (APBs) when growing 
polar III-Vs on nonpolar Si substrates. In practice, monoatomic steps exist on clean Si (001) surfaces 

[35], on which Si atoms form dimers in such a way that the dimers on one terrace are perpendicular to 

its neighboring one. This induces the formation of two domains as the III-V epitaxial proceeds with 
opposite sublattice allocation [36]. The contacting planes separating two domains consist of the same 

species, either III-III or V-V bonds, which are known as APBs. APBs are electrically charged planar 

defects, and act as non-radiative recombination centers and leakage paths for optoelectronic devices 

and electronic devices, respectively. The negative influence of APBs on optical properties of III-V 

materials is evidenced by photoluminescence (PL) quenching and spectral linewidth broadening [37-

38], while their impact on electronic devices is characterized by significantly reduced electron 

mobilities [38, 39].  

 

The second issue, as seen from Figure 1(b), is related the formation of threading dislocations (TDs) in 

the III-V layers grown on Si. The lattice mismatch between GaAs (InP) and Si is about 4% (7.5%). 

This mismatch results in strain on the lattice of the epilayer and the strain energy is proportional to the 

deposition thickness. If the thickness of the epilayer grown exceeds the pseudomorphic critical point, 

the accumulated strain is energetically relaxed during epitaxial growth through the nucleation of 

dislocation half loops at the interface [36], creating, in general, two types of dislocations: misfit 

dislocations and TDs on the order of 109-1010 cm-2. The former, concentrated at the III-V/Si interface, 
enables the release of the strain energy, while the latter propagates into the III-V materials, acting as 
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non-radiative recombination centers and eventually promoting defect diffusion along the dislocation 

line [40], hence reducing the quality of III-V materials as well as the device performance including 
operating characteristics and lifetime [34]. 

 

The last issue is related to the creation of thermal cracks, as seen from Figure 1(c), due to the 
difference in the coefficient of thermal expansion between III-V and group IV materials. This 

difference promotes the accumulation of thermal stress, which is then relieved by emerging thermal 

micro-cracks in the epilayer while the wafer was cooled down from the growth temperature to room 

temperature. The large difference in coefficient of thermal expansion limits the maximum achievable 

thickness of III-Vs which can be grown on Si, and the typical critical thickness for the onset of crack 

formation in GaAs epilayers on Si is ~ 7μm for a growth temperature of ~ 575 °C [41].  
 

3. Advantages of QD for monolithic integration  

The idea of using heterostructures as the active region in lasers was first theoretically predicted by 

Kroemer in 1963 [42], but it was not until the demonstration of the first double heterostructure 

semiconductor lasers in 1970 [43], that the importance of carrier confinement to the active region was 

discovered. After that, the semiconductor laser community made tremendous progress in 

implementing quantum confined semiconductor lasers. At the first stage, very thin semiconductor 

layers, known as QW structures were utilized in the active region. Since the carriers in this structure 

are confined in one dimension, the thermal energy distribution, in comparison to bulk materials, was 

reduced due to the modifed density of states (DOSs), (see Figure 2 left and middle), which result in 

reduced threshold current and improved temperature stability. Now, QW lasers have become standard 

semiconductor lasers for many kinds of applications. Before QW lasers became typical semiconductor 

lasers, the novel idea of employing QDs for the active region was first theoretically proposed by 

Arakawa and Sakaki in 1982 [44]. Owing to an even greater modification of the DOSs, the carrier 

diffusion in the active region is significantly suppressed compared with its bulk and QW counterparts, 

since the carriers are strongly localised in the dots. Also, while there are certain distribution 
mechanisms existing, including homogenous and inhomogeneous distribution, which lead to 

broadening effect, the fundamental thermal distribution, when compared with bulk and QW active 

regions, as seen from Fig. 2 right, has been reduced considerably. It was therefore possible to realize a 
low threshold current density and high temperature performance laser [25].   

 

However, turning those predictions into reality became possible only after the Stranski–Krastanow (S-

K) growth method to form self-assembled QDs came into use in the early 1990s [45]. Since then, 

academic research groups all over the world have been competing against each other to demonstrate 

QD lasers with dramatically reduced threshold current densities [46-52]. As shown in Figure 3, in a 

period of less than ten years, the performance of QD lasers (regarding threshold current density) has 

surpassed that of state-of-the-art QW lasers which have been long developed since 1980s [34]. It 

should be noted that since the device dimension, fabrication procedure and lasing emission for the 

lasers listed in Fig. 3 were different, comparing the threshold current has a level of an arbitrary 

process, the main purpose however is to provide a general ideal of the historical development of 

heterostructure semiconductor laser regarding the record threshold current density at the time of 

publication. Although QD lasers soon exhibit the predicted outstandingly low thresholds, these early 

devices suffered from the inhomogeneous broadening arising from QD size fluctuation [25], and also 

did not show the predicted good temperature stability mainly due to the thermally broadened hole 
distributions through closely spaced hole levels [53]. Due to the combination of improvements in size 
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uniformity and dot density, especially, p-type modulation doping emerged that enabled QD lasers to 

offer good temperature stability. The key, at this point, is to counter the closely spaced energy levels 
by filling the excess holes [53, 54]. Now, QD Laser Inc. one of the world leading suppliers of QD 

lasers has delivered commercial products which are nearly temperature-insensitive up to 100 °C as 

shown in Figure 4 [55]. Moreover, the maximum operation temperature that can be achieved from 
their QD lasers is as high as 220 °C [25]. Also, QD lasers have demonstrated other important 

properties, including narrow spectrum linewidth [56], large modulation bandwidth [57, 58], long 

lifetime [25], and the possibility of making single photon sources [59]. In addition, it has been shown 

that the QD lasers have superior dynamic characteristics such as reduced sensitivity to optical 

feedback [60-62] and low relative intensity noise (RIN) [63-65]. In particular, it is important to 

achieve low RIN in semiconductor lasers, because the RIN increases the bit-error rate of optical 

signals and hence degrades the data transmission performance [66]. Accordingly, the RIN 

characteristics of QD lasers have been widely investigated [67, 68]. For example, it was reported that 

the InAs/GaAs QD lasers exhibited a RIN as low as -160 dB/Hz at frequencies up to 10 GHz, ascribed 

to the unique carrier dynamics offered by the QD gain media [63, 64].  

 

In addition to the well-established features discussed above, very recently, III–V QD structures have 

obtained increasing attention due to the potential implementation of high-performance III-V lasers on 

Si substrates for Si photonics. One of the great benefits of QDs is that they are less sensitive to TDs 

than conventional bulk materials and QW structures, ascribed to carrier localization and hence 
reduced interaction with the TDs [69]. As shown in Figure 5(a), for conventional QW lasers, any TDs 

propagating through the QWs serve as a non-radiative recombination centre, resulting in an increased 
threshold and shortened operating lifetime. In contrast, for QD structures, one TD can only ‘kill’ one 

or a very limited number of dots, while still leaving the rest of dots intact and capable of providing 

sufficient optical gain to achieve lasing [27]. Moreover, it is well-known that the QD structures are 

able to bend the TDs and hence reduce the density of TDs [69-71]. As shown in Figure 5(b), the 

dislocation bending can occur beneath the QDs when a strain energy is released through the 

generation of the misfit dislocation under assumption that the shape of self-assembled QDs is 

pyramids and a TD propagates toward the bottom of a QD. Consequently, the bending of dislocation 

generated a segment of misfit dislocation gliding below the island [69]. This concept was observed by 

transmission electron microscopy (TEM) measurements, as shown in Figure 5(c). The TD was 

slightly bent around the QD array due to the strong strain field of the QDs (left side of Figure 5(c)), 

and even one of these QDs is able to help the TD bending toward the sample edge, rather than 

propagating perpendicularly to the surface (right side of Figure 5(c)) [72]. Therefore, even in the 

presence of high-density dislocations, QD lasers are able to provide superior reliability compared to 

QW or bulk devices [25, 36].  

 

To further confirm this hypothesis, Liu et al from UCSB [73] made a direct comparison of QD lasers 
with QW lasers, all grown on Si substrates with similar dislocation densities. To make a fair 

comparison and separate other factors that may influence the device performance, all the techniques 
employed in their study, including the growth, processing, and measurement, were kept identical. 

Figures 6(a) and 6(b) compares the room temperature (RT) PL spectra of identical QD (QW) 

structures grown on Si and native GaAs substrates, respectively. While the integrated PL intensity of 

InAs QDs grown on Si only dropped roughly by 20%, the integrated PL intensity of In0.2Ga0.8As QW 

degraded by more than a factor of 10 when moving the substrates from native GaAs to Si [73]. Two 

nominally identical laser structures (except for the active region) were grown as shown in the inset of 

Figures 6(a) and 6(b) and then fabricated into ridge-waveguide lasers using the same processing 

procedure. Despite similar current-voltage (I-V) characteristics obtained from those two different 
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kinds of lasers [73], the behavior of RT continuous-wave (CW) light-current (L-I) characteristics 

between Si-based QDs and QW lasers was totally different. In accordance with the PL observations,  
CW lasing was achieved only from Si-based QD lasers, while none of the QW lasers grown Si were 

able to achieve RT CW lasing.   

 
Innovations in QDs have spawned companies (for example, Innolume from Germany and QD Laser 

from Japan), and launched mass-production product lines for Data- and Telecommunications 

applications. Despite significant progress, however, QW lasers are still the main force in 

Data/Telecom, with QD lasers, at the moment, in a niche of the market. While the interest in QD 

lasers is growing and, in particular, III-V-on-Si integration presents incredible new opportunities for 

QD active regions, there is still some work to do to match the optimistic expectations.   

 

4. 1.3 µm InAs/GaAs QD edge-emitting lasers grown on Si  

 

4.1 Ge and Ge-on-Si substrates  

The epitaxial growth of GaAs on Si encounters significant hurdles because of the challenges 
discussed above in Section 2. To avoid these hurdles, many research efforts have been devoted to the 

use of Ge substrates. This development was triggered by a number of important properties exhibited 

by Ge substrates. First, the small lattice mismatch (0.08%) and closely matched coefficient of thermal 

expansion between Ge and Si bridge the material difference gap between GaAs and Si substrate. 

Second, the higher mobilities for electrons and holes in Ge than Si and the large absorption coefficient 

at telecommunications wavelengths make it a good candidate for both electronic and photo-detection 

devices. Furthermore, Ge is compatible with Si COMS circuits and the fabrication of high-quality Ge-

on-Si virtual substrates, has become a mature technology nowadays.  

 

Recent advanced epitaxial techniques with monolithic integration of GaAs on Ge substrates and 

InAs/GaAs QDs gain region have enabled the realization of PL emission of InAs/GaAs QDs on a Ge 

substrate. However, the emission wavelength was limited at ~1.1 µm below RT, and no laser was 

achieved [74, 75]. One of the biggest challenges in such an effort was the formation of APBs when 

the typical procedure of using a self-terminating arsenide (As) layer was adopted for the initial GaAs 

layer grown on a Ge substrate, see Figure 7(a). A breakthrough was made by Liu et al from UCL in 
2011 by overcoming the APB issue through introducing a Ga prelayer technique for the initial GaAs 

growth, thus allowing the formation of a single-domain GaAs buffer layer, as shown in Figure 7(b) 

before subsequent epitaxy of III-V materials [76]. The improved material quality with the use of self-

terminating Ga technique was also confirmed by TEM measurements as shown in Figures 7(c) and 

7(d). Based on this template, an InAs/GaAs QD laser emitting at 1310 nm was directly grown on a Ge 

(100) substrate, with 6° off-cut towards the [111] plane. This laser had a low threshold current density 

of 55.2 A/cm2 as seen from Figure 7(e); comparable to the best previously reported values for QD 

lasers on native GaAs, together with a maximum CW operation temperature of 60°C (see Figure 7(f)) 

[76].  

 

Following the first demonstration of an electrically pumped 1.3 µm InAs/GaAs QD laser on a Ge 

substrate, the first successful demonstration of an electrically-pumped CW 1.3 µm InAs/GaAs QD 

laser grown directly on a Ge-on-Si virtual substrate followed soon after by the same research group 

[77]. In this work, as shown in Figure 8(a), the InAs/GaAs QD laser structure was directly grown on a 

Ge-on-Si virtual substrate by solid-source molecular beam epitaxy (MBE). The Ge-on-Si virtual 
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substrate with a typical threading dislocation density of ~ 5 × 106 cm-2 was fabricated by epitaxially 

depositing a 2-μm p+ Ge layer on phosphorus doped (100)-oriented Si substrates with a 6° offcut 
towards the [111] plane using chemical vapour deposition illustrated in Figure 8 (b) (bottom). To 

form an high-quality GaAs buffer layer on a Ge-on-Si virtual substrate, the Ga prelayer technique 

discussed above [76] was again adopted to suppress the formation of APBs. This was followed by 20 
monolayers of GaAs grown by migration enhanced epitaxy (MEE) and 2-μm p+ GaAs buffer layer as 
shown in Figure 8(b) (upper). As seen in Figure 8(c), RT CW lasing at a wavelength of ~1280 nm was 

achieved from this device with a CW (pulsed) threshold current density of 163 (63.4) A/cm2 and 

maximum CW (pulsed) lasing temperature up to 30 (84) °C, respectively. This method was later 

improved by A. Liu et al from UCSB, who demonstrated high-temperature CW lasing operation up to 

119 °C by employing p-type modulation doping to the QD active region, as shown in Figure 8(d) [78]. 

An initial reliability study of InAs/GaAs QD lasers grown directly on Ge-on-Si substrates was also 

performed [79]. The experimental results reveal that some devices maintained lasing oscillation over 

2700 h of constant CW current stress at 30 °C, and that p-doped laser show the best lifetime, with an 

extrapolated mean time to failure (MTTF) of 4,627 h obtained from the presented aging data in Figure 

8(e). This lifetime result was among the highest reported for any kind of III-V lasers on Si at that time. 

Moreover, no catastrophic failures were observed.  

4.2 Offcut Si substrates  

Despite the fact that using the Ge-on-Si virtual substrate demonstrated excellent laser performance, 

for direct integration with Si, achiveing a laser without the intermediate Ge buffer layer would be 

regarded as more attractive approach, since the existence of Ge on Si not only limits the range of Si 

circuits but also restricts the light coupling into a Si waveguide through this layer because of the large 

optical absorption coefficient of Ge at telecommunications wavelengths [27]. Consequently, returning 

to Si substrates without a Ge buffer layer remains the ultimate goal enabling reinvigoration of Si 

photonics.  

 

The first QD laser monolithically grown on Si was reported by Linder et al in 1999 [80]. In this work, 
self-organized In0.4Ga0.6As QDs were used as the active region to achieve lasing at ~1µm. However, 

due to the existence of a high density of dislocations, this device could only operate under pulsed 

operation at a low temperature of 80 K, and with a very high threshold current density of 3.85 kA/cm2. 
A few years later, in 2005, the demonstration of In0.5Ga0.5As QD lasers operating at 1µm grown 

directly on Si substrates at RT was reported for the first time. The devices were characterized by 

threshold current density of 1.5 kA/cm2, output power of over 50 mW, and large T0 of 244 K in the 

temperature range between 25 and 95°C [81]. However, it is worthwhile noting that the QD laser 

monolithically grown on Si for the long wavelengths (1.3 µm and 1.55 µm) was not realized until 

2011 when Wang et al from UCL demonstrated the first 1.3 µm InAs/GaAs QD laser on Si [82]. In 

this work, 1.3 µm InAs/GaAs QD lasers were directly integrated on Si (001) substrate with 4° off-cut 

towards [011] plane. To minimize the high density of TDs, the growth of a GaAs nucleation layer (NL) 

was explored, which has proven to be effective in confining defects at the interface between the GaAs 

buffer and Si substrate. As a result, this device achieved RT lasing under pulsed operation at 1300 nm 

with a threshold current density of 725 A/cm2 and a maximum lasing temperature of 42°C. Since this 

pioneering work, numerous approaches have been investigated, by the same research group to  

optimise the III-V buffers with gradually reduced TDs density, including AlAs NL  [83], combination 

of InAlAs/GaAs dislocation filter layers (DFLs) and GaAs NL [84, 85], and thermal annealing of 

DFLs [86]. As a result, InAs/GaAs QD lasers epitaxially grown directly on Si substrates have been 
demonstrated with substantial improvement of their device characteristics. Although QD lasers on Si 
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substrates have shown superior performance in the last few years, earlier research results [87, 88] 

indicated that the quality of GaAs on Si substrates was much inferior with that on native GaAs 
substrates, in terms of defect density, typically over 2 × 106 cm−2 for a Si substrate compared with ~1 

× 103 to 1 × 104 cm−2 for a GaAs substrate [89].  

 
A considerable advance towards a practical QD laser directly grown on a Si substrate has been made 

by Chen et al from UCL in 2016 who demonstrated high-performance 1.3 µm InAs/GaAs QD lasers 

on a Si substrate with long extrapolated lifetime [27]. In this work, InAs/GaAs QD lasers were 

directly grown on Si (100) substrates with 4° offcut to the [011] plane in order to prevent the 

formation of APBs during the growth [90], as shown in Figure 9(a). To reduce the density of TDs, 

various growth techniques were adopted. For the initial growth stage, a 6 nm-thick AlAs NL was 

employed, which is effective in suppressing three-dimensional growth and hence provides a superior 

interface quality between Si substrate and GaAs buffer layer [83], as shown in Figure 9(b). 

Subsequently, multi-step growth method was introduced to grow 1 um-thick GaAs buffer layers 

comprised of 30, 170 and 800 nm-thick GaAs grown at 350, 450 and 590 °C, respectively [39]. As a 

result, it was revealed that the AlAs NL and multi-step growth effectively confined the most of 

defects at the first 200 nm of GaAs buffer layer (position 1 in Figure 9(c)). Nonetheless, the high 

density of TDs propagating toward active region still remained on the order of 109 cm-2. To further 

reduce the density of TDs, strained-layer superlattices (SLSs) consisting of In0.18Ga0.82As/GaAs were 

employed as DFLs, providing a strong in-plane force and therefore promoting the motion of TDs with 
the misfit strain. A more detailed description for designing DFLs can be found in [87]. Furthermore, 

in situ thermal annealing cycle was implemented after the growth of each SLS, which enhances the 
mobility of TDs and thereby enables the TDs to meet and annihilate each other [86]. Figure 9(d) 

exhibits that after 4-layers of DFL, the density of TDs is significantly reduced from 109 cm-2 to 105 

cm-2. 

 

For the characterization of QD properties, several measurements were carried out. As shown in Figure 

9(e), an atomic force microscopy (AFM) image exhibits that a high QD density of ~3.0 × 1010 cm-2 

with an excellent uniformity was achieved in this work. A small inhomogeneous broadening of QDs 

was also evidenced by a narrow full-width at half-maximum (FWHM) of ~29 meV from RT PL in 

Figure 9(e). In addition, a high-angle annular dark-field scanning TEM image of single QD with 

diameter and height in ~20 and ~7 nm, respectively, indicates a uniform indium distribution with 

marginal intermixing in Figure 9(f). Consequently, owing to various strategies mentioned above for 

the high-quality III-V layers on Si, most of defects were effectively suppressed and high quality of 

QDs in dot-in-well (DWELL) structure was obtained. More detailed description can be found in [27]. 

 

Due to the achievement of high-quality III-V epilayers as well as using QDs act as the active region, 

high-performance electrically pumped CW 1310 nm InAs/GaAs QD lasers directly grown on Si have 
been achieved, with a record low threshold current density of 62.5 A/cm2 at RT, high power of over 

100 mW and high-temperature operation up to 75 oC (120 °C under pulsed operation) (See Figures 
10(a) and 10(b)) [27]. The uniformity of QDs is a critical parameter for the massive production and 

streamlined fabrication of QD-based lasers on Si. A histogram of measured threshold current densities 

for 70 Si-based QD lasers of the same dimension from different areas within a quarter 3-inch wafer 

was presented. As shown in Figure 10(c), the distribution corresponding to threshold current density 

of 67.5 +/- 17.5 A cm-2 was measured to be 90 %, implying highly uniform QD distribution. For 

practical applications, long-lifetime is inevitable. Over 3,100 h of CW operation was reported from 

the InAs QD laser on Si described above un der ACC mode at 26°C as seen from Figure 10(d).  By 
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defining the lifetime, the time when the threshold becomes double, an extrapolated lifetime of over 

100,158 h was estimated by fitting the threshold with a sublinear model [79].  

4.3 On-axis Si (001) substrates  

For previous pioneering works, the high-performance QD lasers were grown on Si substrates with an 

offcut of 4º- 6ºto the [110] plane [27, 77-79, 82], which could form double-atomic-height steps on Si 

surface and effectively avoid APBs formation during the growth of polar III-V on non-polar Si [36]. 

Even though this approach successfully inhibits the emergence of the APBs, to fully exploit the 

deployment of Si photonics through conventional CMOS-compatible foundries, it is imperative to use 

nominal (001) Si substrates with a miscut angle less than 0.5°, namely, the so-called “exact” (001) Si 

substrates [91, 92].  

 

The first successful approach for realizing an electrically pumped 1.3 μm CW InAs/GaAs QD laser on 
on-axis Si (001) substrates was reported by Liu et al from UCSB in early 2017 [93]. In this study, a 

commercial 300 mm GaP/Si template, grown in an MOCVD by NAsP III-V GmbH, was used. The 

estimated miscut of the template was around 0.1-0.2°. To terminate APBs within the 45 nm GaP layer, 

the Si wafer was firstly subjected to a special pre-epitaxial heat treatment followed by a 200 nm Si 

homo-epitaxy [92]. The wafer was then cut into small pieces and transferred into MBE chamber, 

where a 2.3 µm GaAs buffer layer [94] was first grown directly on the GaP/Si template, followed by a 

thermal cycle annealing to facilitate the annihilation of TDs. Above the GaAs buffer, InAs/GaAs QDs 

active region [95] embedded in a GaAs/AlGaAs graded-index separate confinement heterostructure 

was then grown. The threading dislocation density (TDD) determined by electron channelling contrast 

imaging (ECCI) measurements was ~ 3 × 108 cm-2. Both broad-area lasers and ridge-waveguide lasers 

were fabricated.  A typical scanning electron microscope (SEM) image of a ridge-waveguide laser is 

shown in Figure 11(a). Broad-area lasers with uncoated facets achieved RT CW lasing with threshold 

current densities of ~ 860 A/cm2 and single-facet output power of over 100 mW. Ridge-waveguide 

lasers with high-reflection (HR) coated facets operated CW with low threshold current down to 30 

mA at RT and achieved maximum CW lasing temperatures up to 90°C [93]. This method was later 
improved by the same research group using optimized III-V buffers between the device layers and 

GaP/Si template [96], including in-situ thermal cycle annealing [96] and strained superlattices [87, 97]. 

As a result, the TDD has been reduced to ~7 × 106 cm-2, a factor of 40 lower than previous 
unoptimized III-V buffer layers [96]. The ridge-waveguide lasers with as-cleaved facets fabricated 

from the optimized III-V buffers achieved CW threshold currents as low as 9.5 mA at 20 °C and CW 

operation up to 80 °C.  Applying HR coating to one facet further reduced the CW threshold currents 

to 6.2 mA and improved lasing operation temperature to 85°C as shown in Figures 11(b) and 11(c) 

[96]. The GaP/Si-based InAs QD lasers also showed a high CW wall-plug-efficiency (WPE) and high 

injection efficiency of 38.4% and 87% (see Figure 11(b)), respectively. Moreover, this approach was 

also used to successfully demonstrate excellent device lifetimes (see Figure 11(d)) with extrapolated 

MTTF of more than a million hours [98], which is a record-long value for GaAs-based laser grown on 

Si. A more detailed, updated summary of some representative lifetime data for GaAs-based lasers 

grown on Si that have been reported so far is shown in Table I [79].  

 

Another direct growth approach uses GaAs-on-v-groove Si (GoVS) template [99] instead of a GaP 

intermediate buffer layer to prevent the formation of APBs and to reduce the TDD of epitaxial GaAs 

layer. In this case, the N-doped on-axis Si substrates were firstly patterned with SiO2 stripes using 

standard dry etching techniques, followed by an RCA-1 clean (sometime called ‘standard clean-1’ 
developed by Werner Kern at RCA laboratories) and a rapid HF (1%) dip to remove the native oxide 
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before the immediately wet etching the v-grooves using KOH solutions [100]. The epitaxial growth of 

GaAs on the patterned v-groove substrate was performed by MOCVD in the following sequence: 
thermal cleaning of the patterned Si substrates, selective-area heteroepitaxy of GaAs nanowires [101], 

SiO2 stripe removal, coalescence of GaAs to form GaAs planar film, growth of superlattices, and 

finally growth of GaAs buffer layer to complete the growth of GoVS template. The great promise of 
this growth method comes not only from the ability to form a unique defect trapping effect [see the 

inset of Figure 12(a)] [36, 102] but also from the removal of the difficulties in achieving coalescence 

over dielectric patterns [36]. AFM, XRD, and ECCI measurements have been employed to assess the 

quality of GoVS template and have revealed a root-mean-square (RMS) roughness of 0.9 nm, a 

FWHM of 140 arcsec and a TDD of ~107 cm-2, respectively [36], indicating a good template quality. 

Above this GoVS template, III-V buffer layer with optimized DFLs was grown to further improve the 

material quality; this was then followed by a standard InAs/GaAs QD laser structure. Following 

demonstration of RT PL emission at 1.3 µm from InAs/GaAs QD structures grown directly on GoVS 

templates [103], the successful demonstration of an electrically pumped CW InAs/GaAs QD laser 

grown on a GoVS template was achieved [99], with a lasing threshold current as low as 37 mA and 

CW operation up to 80°C as seen from Figures 12(b) and 12(c).  

 

High-quality epitaxial electrically pumped 1.3 μm CW InAs/GaAs QD lasers have also been achieved 
by Chen et al from UCL through direct GaAs growth without the use of any intermediate buffer layers 

or patterned Si substrates [104]. In this work, APB-free GaAs films were directly grown on 300 nm 
COMS-compatible Si (001) substrates by MOCVD [38]. One of the biggest challenges in such an 

effort is developing methodologies that allow the formation of double-atomic-height steps for quasi-
nominal Si (001), otherwise, as seen from Figure 13(a), high density of APBs can be observed, 

inducing a high surface roughness of 1.6 nm [38]. To solve these problems, in the initial growth step, 

on-axis Si (001) wafers were deoxidized by the SiConi process using a NF3/NH3 remote plasma, and 

then transferred into MOCVD reactor to perform H2 annealing at 900 °C, forming 2 × 1 surface 

structure (see Figure 13(b)). Subsequently, the chamber was then quickly cooled down to 700 °C 

within 30s to freeze the Si surface structure. Finally, a standard two-step process was carried out to 

grow GaAs layers. As seen from Figure 13(c), this approach has enabled the formation of APBs-free 

GaAs layer with a surface roughness of 0.8 nm [38]. Note that this roughness is comparable to the 

lowest value achieved for 1 µm thick GaAs layer grown on off-cut Si substrates [105-107], whereas 

only 150 nm GaAs was grown on the on-axis Si (001) substrates. By exploiting this template and 

previously optimized III-V buffer layers, InAs/GaAs QD structures grown directly on this virtual 

GaAs/Si (001) have shown comparable PL intensity as compared to those grown on native GaAs 

substrate [104]. Consequently, electrically-pumped lasers fabricated on this on-axis Si (001) 

substrates exhibited threshold current densities of ~425 A/cm2 with output power over 40 mW at RT 

[see Figure 13(d)]. Under pulsed operation, lasing operation up to 102 °C (see Figure 13(e)) has been 

realized, with a threshold current density of 250 A/cm2 and single facet output power exceeding 130 
mW at RT. More recently, 1250 nm InAs/GaAs QD lasers monolithically grown on on-axis Si (100) 

was demonstrated by using only MBE process [108]. In this work, a 40 nm Al0.3Ga0.7As seed layer 
was grown on the Si (001) substrate at relative high temperature (500 ºC) and high growth rate of 1.1 

µm/h. The APBs could be annihilated within the following GaAs buffer layer of less than 400 nm. 

This approach offers potential benefits of simple growth process for fabricating QD lasers 

monolithically on CMOS-compatible Si (001) substrates. A more detailed, updated summary of some 

representative milestone of III-V/IV QD edge-emitting lasers by monolithic integration is presented in 

Table II [109]. 
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5. O-band distributed-feedback (DFB) laser array monolithically grown on Si 

While the realization of high-performance Si-based electrically-pumped Fabry-Perot (FP) laser 

sources is an enabling technology for single channel optical interconnects, advanced communications 

systems for wavelength division multiplexing (WDM) necessitate arrays of multiple single-mode 

lasers [110]. Recently, with the development of a selective-area growth technique, it was reported that 

high-quality InP-based material was directly grown on buffer-free Si substrate [111]. Based on this 

technique, researchers from Ghent University and IMEC have demonstrated the first InP-based DFB 

laser array monolithically grown on Si [112]. However, the operating wavelength of this array was 

around 920 nm, which is not compatible with Si waveguides. This problem was, soon after, tackled by 

the same research group, using an InP/InGaAs/InP heterostructure as the active region grown directly 

on the aforementioned buffer-free InP-on-Si virtual substrates. Consequently, they have realized the 

first O-band DFB laser array monolithically grown on Si [113]. Despite these significant 

achievements, these DFB arrays have several key challenges need to be solved, such as operation 

under only optical pumping and the limited maximum wavelength coverage of 40 nm [113].   

 

Very recently, a breakthrough has been made in O-band DFB laser array by researchers at the UCL in 
the UK and the Sun Yat-sen University in China, who not only reported the first electrically-pumped 

DFB laser array on a Si substrate, but also presented a record wavelength coverage of 100 nm [114]. 

In this work, an InAs/GaAs QD laser structure was directly grown on an n-doped Si (001) substrate 
with a 4° off-cut angle towards the [011] plane following previously optimized growth conditions. To 

avoid complicated regrowth that has normally been adopted for development of conventional III-V 

DFB lasers, here, lateral surface gratings were employed and fabricated at the same time as the 

waveguide etching process was conducted by using an inductively coupled plasma (ICP) dry etching, 

as shown in Figure 14(a). The first-order sidewall gratins with a λ/4 phase shift (see Figure 14(a)) 
were designed in order to provide single-longitudinal-mode lasing. In addition, the suppression of 

facet back reflections is also required as another important parameter for DFB lasers, otherwise 

leading to mode jumping at high currents. To overcome this problem cost-effectively, instead of using 

anti-reflection (AR) coated laser facets, AR output couplers were designed and fabricated by carefully 

optimizing the tilting angle and waveguide width. As a result, the reflection coefficient was 

successfully decreased down to ~ 1% and the output efficiency was improved up to ~ 82%, 

meanwhile maintaining a reasonable beam profile that can be coupled into an optical fiber.  

 

By combining III-V QD gain region technology, advanced epitaxy and high-end nano-fabrication 

techniques discussed above, the first electrically-pumped RT CW single-mode DFB laser array has 
been fabricated. Figure 14(b) shows partially the schematics of the individual DFB laser. As seen in 

Figures 14(c) and 14(d), individual devices in the array produced low CW threshold currents of 12 

mA and high single-mode side mode suppression ratios (SMSRs) of 50 dB [114]. The laser array 

operated at O-band covering a record wavelength range of 100 nm (see Figure 14(d)). The key behind 

such a broad wavelength coverage was attributed to the ultra-broad gain bandwidth enabled by the 

inhomogeneity of QDs. Moreover, a 20±0.2 nm channel spacing was achieved, which can be applied 

to the standard coarse wavelength division multiplex (CWDM) grid [114]. These results provide 

potential building blocks toward not only monolithically integrated Si-based PICs for optical 

communications, but also non-communications such as on-chip sensing and metrology in which 

single-mode coherent light sources play an important role.  
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6. InAs QD micro-lasers monolithically grown on Si 

In addition to ridge-waveguide lasers, micro-lasers with small-size, low power consumption and a 

short cavity length have also shown great potential to serve as long wavelength light sources for Si 

photonic integration [115]. Micro-ring and micro-disk lasers using whispering gallery mode (WGM) 

resonance also ideally offer the higher stability of emission wavelength to the temperature variation in 

comparison with macro-laser [116]. There are several publications of optically pumped 1.3 and 1.5 

m InAs QD micro-disk lasers monolithically grown on Si [117-121]. For example, Wan et al 

demonstrated optically pumped 1.3 m RT InAs QD micro-disk lasers directly grown on (001) Si 

using V-grooved Si template and observed that the fabricated micro-disk laser produced RT CW 

lasing with a very low threshold power of 200 W for a five-layer QD [117]. To obtain APB-free 

GoVS template, GaAs thin films were formed by the coalescence of a well-ordered array of GaAs 

nanowires on Si substrates, leading to the formation of the high-quality GoVS template. In 2017, Shi 

et al reported CW optically pumped 1.5 m InAs/InAlGaAs microdisk QD laser grown on (001) Si 

substrates by employing InP buffer layer on GaAs/Si template [120]. The threshold power of the 
fabricated laser was measured to be 1.6 mW at 4.5 K. The observed lasing behavior can be attributed 

to InP buffer layer with 7-layer of QD dislocation filter layer.  
 

For practical integration of Si photonics, however, electrically pumped lasers grown on Si substrates 

are imperative. Until now, there are few publications of electrically injected micro-lasers on Si. The 

first demonstration of CW electrically pumped 1.3 m InAs/GaAs QD micro-disk laser grown on Si 

(001) substrates with 4° offcut to the [110] plane was reported in 2017 by Kryzhanovskaya et al [122]. 

Figure 15(a) illustrates the schematic diagram of the layer structure of this micro-disk laser on Si. The 

III-V QD laser structure consisted of AlAs nucleation layer, GaAs buffer layer, AlGaAs/GaAs SLS as 

DFLs, seven InAs/GaAs DWELL structures sandwiched by two AlGaAs n- and p-type cladding 

layers, and highly doped p-type GaAs contacting layer. Under RT CW electrically pumping, lasing 

operation at 1.3 m, see Figure 15(b) with a minimum threshold of 600 A/cm2, a narrow linewidth of 

30 pm and low sensitivity to the current-introduced self-heating was achieved in this work. In addition, 

CW electrically pumped micro-ring lasers directly grown on nominal (001) Si substrates using V-

grooved, and GaP/Si templates were also achieved [123, 124]. For instance, Wan et al investigated the 

effect of growth templates such as native GaAs, (001) GaP/Si, and V-groove (001) Si substrates on 

the overall performance of electrically pumped InAs QD micro-ring lasers [124]. This comprehensive 

comparison indicated that while the GaP/Si template provides lower defect densities, the V-grooved 

Si is beneficial in obtaining a smooth surface and thin buffer layers.  

7. Conclusion 

This review has predominantly discussed the recent progress made in the epitaxial growth of various 

types of III-V quantum dot (QD) lasers on Si substrates, which operate mainly at O-band for Si 

photonic optical interconnects, along with the strategies for overcoming the roadblocks induced by the 

material dissimilarity between III-Vs and Si substrates. QD gain technology is poised to revolutionize 

monolithic integration of III-V lasers on Si substrates, and a great deal of effort has been made to 

realize Si-based on-chip light-emitting sources comprising III-V InAs/GaAs QD structures. For QD 

lasers on Ge, Ge/Si, and offcut Si substrates, to reduce the defect density, various approaches, 

including the development of nucleation layers, the optimization of dislocation filter layers, in situ 

thermal annealing process, have been fully investigated. Owing to such a huge effort, 1.3 µm InAs 

QD lasers monolithically grown on offcut Si substrates achieved remarkable results, particularly, the 

low threshold current density of 62.5 A/cm2, high operation temperature up to 120 °C and long 
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extrapolated lifetime of over 100,000 hours. To take advantage of mature fabrication tools and 

processes developed by the Si CMOS industry, soon after, by leveraging techniques developed from 
off-cut Si substrates, there has been substantial achievements for lasing operation from on-axis Si 

(001) substrates through GaP/Si, V-grooved Si, and GaAs/Si templates. Now, 1.3 µm InAs QD lasers 

monolithically grown on on-axis Si substrates have demonstrated threshold current as low as 6.2 mA, 
high power of 185 mW, wall-plug-efficiency and injection efficiency as high as 31% and 87%, 

respectively, and extremely long extrapolated lifetime over a million hours for continuous-wave 

operation. Despite significant achievements by demonstrating high-performance ridge waveguide 

Fabry-Perot (FP) lasers epitaxially grown on both off-cut and on-axis Si (001) substrates, this 

achievement alone does not demonstrate the feasibility of using this new materials platform for 

creating lasers suitable for advanced communications systems, such as the QD distributed-feedback 

(DFB) laser array presented in this review paper, in which not only high-quality material but also 

advanced design and novel fabrication techniques are required. Consequently, by combining III-V 

InAs/GaAs QD gain region technology, advanced epitaxy, and advanced nano-fabrication techniques, 

the first monolithically integrated electrically-pumped DFB laser array on Si has been realized with a 

record wavelength coverage of 100 nm covering the whole O-band. This represents a key step in laser 

manufacturing and higher integration levels in Si photonics. In addition to ridge waveguide lasers, QD 

micro-lasers grown Si substrates have also been extensively studied. Electrically pumped QD micro-

lasers on Si were demonstrated very recently, which, can be, to a large extent, attributed to the 

advanced growth strategies developed in previous FP QD lasers on Si.  
 

So far, the achievements made in monolithic Si-based QD lasers represents a major step towards the 
realization of cost-effective high-volume optical interconnects. The next step is the integration of on-

chip lasers with other Si-based photonic components, both actively and passively, to develop end-to-

end Si photonics integrated links by the monolithic method. This is a very exciting and, of course, 

more challenging task, which requires huge efforts from Si photonics community.  
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Table: 

 

Table I. Representative Summary of Reported Lifetime Data for GaAs Lasers on Si 

Year Description  Aging 
Condition 

J(0)/P(0) Dislocation density 
(method used) 

Longest time to failure*   Ref.  

1987 GaAs/AlGaAs SQW RT APC - / 2 mW  10
7
 cm

-2
 (-) < 10 s [125] 

1991 In
0.05

Ga
0.95

As/AlGaAs  
SQW 

RT APC ~2000 A/cm
-2

 /  
2 mW 

-  10 h  [126] 

2000 In
0.2

Ga
0.8

As “QD like”  
active region  

RT APC 1320 A/cm
-2

 / 
 0.5 mW 

-  80 h 
∗∗ [127] 

2001 GaAs/AlGaAs SQW on 
epitaxial lateral 

overgrowth stripe  
RT APC 810 A/cm

-2
 /  

1 mW 
2 × 10

6
 cm

-2
 (etch 

pits) 
200 h [128] 

2003 GaAs/AlGaAs SQW on 
graded Ge

x
Si

1-x
/Si  

RT ACC 270 A/cm
-2

 /  
< 1 mW 

2 × 10
6
 cm

-2
 

(PVTEM + etch 
pits ) 

4 h 
∗∗ [129] 

2014 InAs/GaAs QDs on 
Ge/Si  

30 °C ACC 2000 A/cm
-2

 /  
16.6 mW 

2 × 10
8
 cm

-2
 

(PVTEM)  
2100 h (ageing test period) /  

4600 h (extrapolated)  
[79] 

2016 InAs/GaAs QDs on Si 26 °C ACC 62.5 A/cm
-2

 /  
7.1 mW 

< 10
6
 cm

-2
 

(PVTEM)  
3100 h (ageing test period) / 

100158 h (extrapolated) 
[27] 

2018 InAs/GaAs QDs on On-
Axis (001) Si 

35 °C ACC - / 10 mW 8.4 × 10
6
 cm

-2
 

(ECCI) 
1500 h (ageing test period) /  

300140 h(extrapolated) 
[98] 

A summary of representative lifetime data for GaAs based lasers grown on Si. ∗ Time to failure is defined either by 2 × increase in drive current in 

APC mode, 2 × increase in threshold in ACC mode, or 
∗∗

 actual catastrophic failures. 
 

 

TABLE II. Representative milestones of III-V/IV QD edge-emitting lasers by monolithic integration 

Year λ (nm) Substrates  Operation condition J
th
 (A/cm

-2
) T

max
 (°C) Ref.  

2005 1100 Si (001) misoriented 4° towards [111]  RT (Pulsed)  ~ 1500 95 [81] 
2011 1302 Si (001) misoriented 4° towards [110]  RT (Pulsed) 725 42 [82] 
2011 1305 Ge (001) misoriented 6° towards [111]  RT (CW) 55.2 60 [76] 
2012 1280 Ge/Si (001) misoriented 6° towards [111]  RT (Pulsed / CW) 64.3 / 163 84 / 30 [77]  
2014 ~1250 Ge/Si (001) misoriented 6° towards [111]  RT (CW) ~426 119 [78] 
2016 1315 Si (001) misoriented 4° towards [110]  RT (Pulsed / CW) ~ 50 / 62.5 120 / 75 [27] 
2017 1280 GaP/Si (001)  RT (CW) 860  90 [93] 
2017 1250 V-groove Si (001) RT (CW) 333 80 [99] 
2017 1292 Si (001) RT (Pulsed / CW) 240 / 425 102 / 36 [104] 
2018 1299 GaP/Si (001)  RT (CW) 229.8 80 [98] 
2018 1250 Si (001) RT (Pulsed) 320 70 [108] 

RT, CW, J
th
, and T

max
 represent room temperature, continuous-wave, threshold current density, and the maximum lasing temperature, respectively. 
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Figure Captions: 

 

Figure 1: The monolithic integration issues: (a) APBs, (b) threading dislocations and (c) thermal 

cracks. 
 

Figure 2: Schematic diagram of density states of bulk, quantum well and quantum dots materials.  

Figure 3: The historical development of the record threshold current densities at the time of 

publication (□ QD laser on GaAs; ■ QD laser on Ge; ○ QD laser on SiGe; ♦ QD laser on Si.) CW 
indicates that the threshold current values were obtained from QD lasers under continuous operation. 

The rest were obtained from QD lasers tested in pulse mode.  Reprinted by permission from IOP 

publishing [34], Copyright 2015 

 

Figure 4: A comparison of conventional light-current (L-I) characteristics of QD (left) and QW (other 

two panels) Fabry-Perot (FP) lasers at different temperature. Reprinted by permission from Springer 

Nature: Nature Photonics [55], Copyright 2009.  

 

 

Figure 5: (a) Schematic illustration of comparative interaction of threading dislocations with QDs and 

QWs. (b) Cross-sectional schematic description of the mechanism for dislocation bending by QD. © 
2009 IEEE. Reprinted, with permission, from [69]. (c) Bright-field scanning TEM images of the 

threading dislocations in QD active region. Reprinted by permission from Springer Nature: Nature 

Photonics [27], Copyright 2016.  

 

 

Figure 6: Comparison of room-temperature PL measurements for (a) single InAs QD layer and (b) 

single 8 nm In0.20Ga0.80As QW grown on GaAs versus Si substrates. The inset of (a) and (b) presents 

the bright-field cross-sectional TEM images for QD laser and QW laser grown on Si, respectively. 

Single facet L-I properties for the (c) InAs QD and (d) In0.20Ga0.80As QW lasers grown on Si 

substrates. Reprinted with permission from ref [73], Chinese Laser Press. 

 

Figure 7: AFM images (5× 5 mm2) of the surface morphology of GaAs grown on Ge substrates with 

(a) As prelayer and (b) Ga prelayer techniques. TEM images of the interfacial region between the 

GaAs buffer layer and Ge substrate with (c) As prelayer and (d) Ga prelayer. (e) RT emission spectra 

obtained from the five-layer InAs/GaAs QD laser on Ge in accordance with driving currents below 
and above threshold. (f) Temperature-dependent light output-current characteristics for InAs/GaAs 

QD laser on Ge. Reprinted by permission from Springer Nature: Nature Photonics [76], Copyright 

2011. 
 

Figure 8: (a) The schematic diagram of an InAs/GaAs QD laser structure on a Ge-on-Si substrate. (b) 

TEM images of the interface between the GaAs buffer layer and the Ge buffer layer (above), and the 
Ge buffer layer and Si substrates (below). (c) Typical L-I characteristic for 3.5-mm-long QD laser on 

a Ge/Si substrate under pulsed mode. The inset of (c) presents the emission spectra of InAs/GaAs QD 

laser at different injection currents below and above threshold. Reprinted with permission from ref 

[77], The Optical Society (OSA). (d) CW L-I properties for a p-doped 993×5µm2 HR/SiN laser with 

different stage temperature. Reprinted from [78], with the permission of AIP Publishing. (e) Aging 
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data (at 30 °C/100 mA) for a p-doped 993×5µm2 HR/SiN QD laser on Si stressed on a probe station.  

© 2015 IEEE. Reprinted, with permission, from [79] 
 

Figure 9: High-resolution high angle annular dark field scanning TEM image of (a) a Si substrate 

with 4° offcut and (b) the 6 nm-thick AlAs nucleation layer between GaAs buffer layer and a Si 
substrate (c) Bright-field scanning TEM image of DFLs. (d) Dislocation density evaluated at different 

positions, as indicated in (c). (e) PL spectrum for a QD active region grown on Si. Inset: 

representative AFM image of an uncapped QD sample grown on Si. (f) Corrected high-angle annular 

dark-field scanning TEM images (false colour) of a single QD. Reprinted by permission from 

Springer Nature: Nature Photonics [27], Copyright 2016. 

 

Figure 10: (a) Typical CW L-I-V curves for a 50 μm × 3,200 μm InAs/GaAs QD laser grown on a Si 
substrate at 18 °C. (b) Temperature-dependent L-I characteristics for InAs/GaAs QD laser on Si. (c) 

Histogram of threshold current density distribution for QD lasers on Si at RT under pulsed mode 

operation. (d) Output power and threshold current changes for the InAs/GaAs QD laser on Si at a 

constant heatsink temperature of 26 °C and CW driving current of 210 mA as a function of aging time. 

Reprinted by permission from Springer Nature: Nature Photonics [27], Copyright 2016. 

 

Figure 11: (a) A SEM image of the cross section for a cleaved narrow-ridge laser grown on GaP/Si. 

Note that the approximate position of the active region is presented as red line. Reprinted with 

permission from [93], The Optical Society. (b) Measurement of CW L-I-V and wall-plug-efficiency 

characteristics for a laser device (2.5 × 1079 μm2) at 20 °C. (c) Temperature-dependent L-I curves as 
a function of heat sink temperatures. Reprinted from [96], with the permission of AIP Publishing. (d) 

Variation of CW threshold current during the 1500 h aging test for two exemplary 1641 μm long 
devices. Reprinted (adapted) with permission from [98]. Copyright 2017, American Chemical Society. 

 

Figure 12: (a) CW L-I-V curves for a 9 ×1200 μm2 device. The inset of (a) shows SEM image of in-

plane GaAs nanowires array on V-grooved Si substrate. Reprinted from [103], with the permission of 

AIP Publishing. (b) The optical spectra above threshold shows that the ground state lasing around 

1250 nm degenerates to multimode lasing from higher order transverse modes. (c) Temperature-

dependent CW L-I properties for an 8 x 1200 μm2 device with polished facet and 95% HR-coated 

facet. Reprinted with permission from ref [99], The Optical Society (OSA). 

 

Figure 13: (a) 5×5 μm2 AFM image of a 400 nm-thick GaAs grown on un-optimized Si (001): High 

density of APBs with RMS roughness of 1.6 nm. (b) 2×2 μm2 AFM image of double-stepped 0.15º Si 

(001) substrate after optimized preparation (annealing under H2). (c) 5×5 μm2 AFM image of an 

APBs-free 150 nm-thick GaAs grown on optimized 0.15º Si (001) with RMS roughness of 0.8 nm. 

Reprinted from [38], 2016; licensed under a Creative Commons Attribution © license (d) 

Conventional CW L-I-V plots of InAs/GaAs QD laser grown on GaAs/Si (001) at RT. The inset of (d) 

shows the lasing spectrum above threshold current density. (e) Single facet temperature-dependent L-I 
characteristics of an InAs/GaAs QD laser on GaAs/Si (001) substrate under pulsed mode operation. 

The inset of (e) presents the natural logarithm of current density as a function of temperature ranging 

from 16 °C to 102 °C. Reprinted with permission from ref [104], The Optical Society (OSA). 

 

Figure 14: (a) The high resolution tilted SEM image of the gratings with a λ/4 phase shift in the 
middle after the first plasma etch in a previous test run. Note that the shaded area indicates the active 

region. Inset: the near 90-degree image of the grating area showing high quality etch without residue. 

Scale bar applies to both images. (b) The cutaway view of our DFB lasers on Si showing the layer 
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structure and etched gratings (not to scale). (c) The L-I-V characteristic of a single 1 mm long DFB 

laser on Si. (d) The optical spectra of a DFB laser array with different grating periods around their 
maximum output power levels before saturation at RT. Resolution: 0.1 nm. Reprinted with permission 

from ref [114], The Optical Society (OSA). 

 

Figure 15: (a) Schematic diagram of layer structure QD micro-disk laser on Si. The SEM image (left) 

shows cross section of the structure. The TEM image (right) presents QD active region. (b) RT CW 

emission spectra measured at an injection current of ∼1.4× threshold for QD micro-disk lasers on Si 

with diameters of 14 and 30 μm. Dashed curve: PL spectrum of QD material (not in scale); inset: 
SEM image of the micro-disk laser with diameter of 30 μm. Reprinted with permission from ref [122], 
The Optical Society (OSA). 
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