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The concept of high-efficiency, high-reliability and low-threshold electrically pumped lasers monolithically 

grown on silicon has attracted great attention over the past several decades, as a promising on-chip optical 

source for Si photonics. In this paper, we report an electrically pumped continuous-wave (CW) 1.3 µm InAs/GaAs 

quantum dot (QD) lasers grown on a complementary metal-oxidesemiconductor (CMOS) compatible Si exact 

(0 0 1) substrate with reduced GaAs buffer thickness down to ∼2 µm. A threshold current density (Jth) as low as 

∼160 A/cm2  has been achieved at room temperature. The characteristic temperature (T0) obtained is ∼60.8 K 
and laser operation is observed up to 52 °C under CW mode. These results suggest that an O-band InAs/GaAs QD 

laser could be very promising to develop a monolithically integrated on-chip optical source for Si photonics. 

 
 

 
 

1. Introduction 

 
Rapidly growing data traffic has led to extensive research interest 

on Si based photonic integrated circuits for use in data centers due to 

the potential to improve dramatically the data rate, integration density, 

fabrication cost, and power dissipation, comparing with the copper 

interconnection [1,2]. As a crucial component, the lack of a reliable Si 

based on-chip optical source has limited the commercialization of Si 

based photonic integrated circuits [3–5]. Although impressive break- 

throughs for group IV laser have been achieved in recent years [6–8], 

integrating III-V lasers on Si remains the preferred solution because of 

their superior optical and electrical properties. In addition, it is ex- 

pected that III-V QD lasers integrated on Si will offer high reliability, 

low threshold current density, and insensitivity to defects and tem- 

perature, which makes the integration of III-V QD laser on Si an at- 

tractive option for an on-chip light-source on Si [9–11]. It has been 

proved that stable lasing operation at over 100 °C can be achieved with 

QD lasers grown on Si [10]. Moreover, for III-V laser grown on Si, QD 

lasers have shown much higher reliability than corresponding quantum 

well laser devices [11]. Wafer-bonding and flip-chip bonding techni- 

ques for integrating III-V lasers on Si substrate have been successfully 

demonstrated in the past two decades [12–14]. However, in view of  its 

 
potential to be a low-cost and high-yield technique, the monolithic 

integration technique on large scale and complex photonic integrated 

circuits has drawn much attention in recent years    [15]. 

For the monolithic integration of III-V lasers on Si substrates, large 

material dissimilarities between III-V and group IV materials in lattice 

constants, thermal expansion coefficients, and polarities may cause 

threading dislocations (TDs), micro cracks, and antiphase boundaries 

(APBs), respectively. All these defects will dramatically degrade the 

material quality and have negative effects on the laser device perfor- 

mances [16,17]. Several approaches have been utilized to solve these 

problems. Using InGaAs/GaAs and InAlAs/GaAs strained-layer super- 

lattices (SLSs) as dislocation filter layers (DFLs) has been shown to be 

effective in suppressing the propagation of TDs, leading to a low 

threading dislocation density (TDD) of ∼106/cm2 for III-V buffer on Si 

[18]. Reduced buffer thickness not only enhances the coupling effi- 

ciency of the grown III-V laser to Si waveguide in silicon-on-insulator 

(SOI), but also decreases the density of thermal cracks due to the lower 

total thickness [19]. In order to annihilate APBs, offcut Si substrates 

have been used to prevent the formation of APBs [11]. Following the 

report of high performance 1.3 μm electrically pumped InAs/GaAs QD 

laser on a 4° offcut Si substrate by Wang et al. [20], extensive studies 

have been devoted to QD lasers on an offcut Si substrate [21–24]. To 
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date, we have demonstrated a high-performance, high-reliability InAs/ 

GaAs QD laser on offcut Si platform with a low Jth ∼ 62.5 A/cm2 and an 

extrapolated time-to-failure of over 100,158 h [25]. However, as offcut 
Si substrates are not fully compatible with industrial standard fabrica- 
tion, realizing a high performance QD laser on an industrial standard 
CMOS-compatible exact (0 0 1) Si substrate with APB-free buffer is a 

high priority. So far, notable progresses in InAs/GaAs QD lasers on 
exact (0 0 1) Si substrates by various approaches has been made [26–
31]. We have previously reported the first electrically pumped CW 
InAs/GaAs QD laser directly grown on an exact GaAs/Si (0 0 1) sub- 

strate with a Jth of ∼425 A/cm2 with III-As buffer only [26]. High- 

performance III-V QD lasers on Si (0 0 1) using metal-organic chemical 
vapor deposition in conjunction with molecular beam epitaxy (MBE) 
have been demonstrated using V-grooved Si patterned substrates or 
commercialized exact (0 0 1) GaP/Si substrates, [27–30]. Moreover, 

pulsed operation from an all-MBE grown InAs QD laser on exact (0 0 1) 

Si, using an Al0.3Ga0.7As seed layer has been reported by J. Kwoen et al. 

[31] with Jth  of ∼350 A/cm2. In this paper, we demonstrate an  elec- 
trically pumped CW 1.3 µm InAs/GaAs QD laser on a GaAs/Si (0 0 1) 

substrate  using  a  III-As  only  buffer  layer,  enabling  Jth    as  low     as 

∼160 A/cm2   to  be achieved. 

 
2. Experiments 

 
2.1. Crystal epitaxial growth 

 
In this work, the InAs/GaAs QD laser structure was epitaxially 

grown on the GaAs/Si (0 0 1) substrate as shown in Fig. 1. The growth 

conditions for the buffer have been optimized to reduce the thickness 

and improve the quality, which is realized on a 300 mm diameter 

CMOS-compatible on-axis Si (0 0 1) substrate. A two-step 400 nm GaAs 

layer was grown on the substrate by metal-organic chemical vapor 

deposition after pre-growth deoxidization. First, a 40 nm low tem- 

perature grown GaAs layer (400–500 °C) was deposited as a nucleation 

layer, then another 360 nm GaAs buffer layer was deposited at relative 

higher temperature (600–700 °C) [32]. After that, the grown wafer was 

transferred to the GEN-930 solid-source MBE chamber for the sub- 

sequent laser structure growth after dicing to a 2-inch wafer. A 300 nm 

N-type GaAs buffer layer was initially deposited on the GaAs/Si (0 0 1) 

substrate to create a smooth surface. Following this, five repeats of N- 

type 10 nm In0.18Ga0.82As/10 nm GaAs SLSs together with a highly 

doped N-type 300 nm GaAs spacing layer were introduced as one set of 

DFL  to  annihilate  the  TDs.  In-situ  thermal  annealing  steps      were 

 

 

Fig. 1. Schematic structure of InAs/GaAs QD laser directly epitaxy on GaAs/Si 

(0 0 1)  substrate. 

performed for each repeat of the SLS in As-rich conditions to help 

further the TD annihilation [33]. The DFL was repeated for four times 
to finish the whole buffer growth. Most of the TDs were blocked before 

the last repeat of In0.18Ga0.82As/GaAs SLSs. No extra contact layer was 

required, since the last set of 300 nm highly doped N-type GaAs was 
used for the N-contact layer. The reduced total III-V buffer layer 

thickness is ∼2 µm on the exact Si (0 0 1) substrate. Above the DFLs,   a 

1.4 µm N-type Al0.4Ga0.6As lower cladding layer was deposited.     Five 
layers of InAs/GaAs dot-in-well (DWELL) structure separated by 50 nm 

GaAs spacer layers formed the active region, which was sandwiched 

between lower and upper 30 nm undoped AlGaAs guiding layers. Above 

that, a 1.4 µm P-type Al0.4Ga0.6As upper cladding layer was grown, with 

a 300 nm highly doped P-type GaAs contact layer at the top of laser 

structure. 

 
2.2. Measurements 

 
Surface morphologies of the GaAs buffer layer and the InAs/GaAs 

QDs on Si were characterized by atomic force microscope (AFM) in 

standard tapping mode in air. Room temperature photoluminescence 

(PL) and temperature-dependent PL measurements for QDs were per- 

formed to study the optical properties. Transmission electron micro- 

scopy (TEM) was used to evaluate the movement of TDs and investigate 

the details of active region. Lasing oscillation with a low Jth was 

achieved at room temperature in CW mode. 

Fig. 2(a) shows a 5 µm × 5 µm AFM image of a 400 nm GaAs buffer 

layer by two-step growth on exact Si (0 0 1) substrate. It can be seen 

that the surface is APB-free and flat with small root mean square (RMS) 

surface roughness of 0.81 nm. Fig. 2(b) shows a typical 1 µm × 1 µm 

AFM image of uncapped QDs grown under the same conditions as those 

of the laser structure on a GaAs/Si (0 0 1) substrate. The AFM image 

shows good QD uniformity and dot density of ∼4× 1010 cm−2. Room 
temperature PL was employed to measure the optical properties of 

InAs/GaAs QDs. A comparison of PL results for InAs/GaAs QDs grown 

on GaAs/Si (0 0 1) and native GaAs substrates under the same growth 

conditions is shown in Fig. 2(c). Here, ground state (GS) PL emission of 

InAs/GaAs  QDs  grown  on  GaAs/Si  (0 0 1)  and  GaAs substrates at 

∼1308 nm and 1314 nm, respectively, is observed. The PL emission of 

the InAs/GaAs QDs on GaAs/Si (0 0 1) shows a slight blue shift to that 

of InAs/GaAs QDs on GaAs, which is caused by residual strain. The full- 
width at half-maximum (FWHM) for both samples is ∼32 meV. The PL 

peak intensity of InAs/GaAs QDs on GaAs/Si (0 0 1) is about ∼85% of 

that of QDs on native GaAs substrate. The lower PL peak intensity of 

GaAs/Si (0 0 1) based QDs may have been caused by relatively higher 

number of TDs in the active region that can act as non-radiative centers. 

Fig. 2(d) shows a cross-sectional TEM image of a typical QD in well 

structure which was grown in a 2 nm In0.16Ga0.84As well and capped 

with a 6.5 nm In0.16Ga0.84As capping layer. As shown in Fig. 2(d), ty- 

pical dot dimensions of ∼11.3 nm height and ∼24.4 nm in diameter 
were obtained. 

Measurements of temperature dependent PL have been used for 

studying the optical properties of InAs/GaAs QDs directly grown on a 

GaAs/Si (0 0 1) substrate. Fig. 3(a) displays temperature-dependent PL 

spectra from 20 K to 300 K. Fig. 3(b) shows the temperature depen- 

dence of PL intensity and FWHM for both excited state (ES) and GS. 

This reveals that the intensities of all emission states decrease with 

increasing temperature, and that the GS intensities show much sharper 

slope as unsaturated GS is more sensitive to non-radiative recombina- 

tion enhanced by increasing temperature [34]. The FWHM for GS 

emission remain relatively constant, which indicates good QD uni- 

formity. However, some fluctuation is observed for ES between 100 K 

and 200 K. This can be attributed to the thermal energy having influ- 

ence on the carrier population of GS, leading to saturation at certain 

temperatures, and hence, broadening of the ES linewidth. A common 

cause of spectrum broadening at low temperatures is additional emis- 

sion from small QDs. In contrast, at high temperatures, dominant QDs 
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Fig. 2. (a) A 5 µm × 5 µm AFM image of a 400 nm GaAs buffer directly grown on on-axis Si (0 0 1) substrate. (b) A 1 µm × 1 µm AFM image of uncapped QDs grown 

on GaAs/Si (0 0 1) substrate. (c) A comparison of PL results for InAs/GaAs QDs grown on GaAs/Si (0 0 1) and native GaAs substrate at same condition. (d) A cross- 

sectional TEM image of a typical InAs/GaAs QD. 

 

with high localization energy are more easily occupied by carriers [35]. 

Fig. 4(a) shows a cross-sectional 220 bright-field TEM image of   the 

III-As buffer including a GaAs buffer layer and four sets of DFLs. TDD 

clearly decreases from bottom to top of the buffer structure. A reduced 
number of TDs is observed after passing each repeat of SLSs. Reactions 
between TDs and changes in the dislocation direction, forming misfit 
segments are the maim mechanisms to reduce the dislocation density 
[36]. Significant reduction in the number of TDs in the last 300 nm N- 

type GaAs layer is observed after the final In0.18Ga0.82As/GaAs SLSs, 
indicating successful optimisation of buffer design. Total thickness of 

the buffer layer marked in Fig. 4(a) is ∼2 µm, which could help reduce 

the impact of different thermal expansion coefficients of different ma- 
terials,  and  hence,  reduce  the  density  of  thermal  cracks.  Fig.    4(b) 

presents a dark field cross-sectional TEM image under (0 0 2) giving an 

overview of active region. Five layers of DWELL structures are co- 

herently grown. It clearly shows that InAs/GaAs QDs are not vertically 

aligned due to the spacing layers grown at high temperature [37]. The 

visual absence of TDs in Fig. 4(b) could further prove that, following the 

four sets of DFLs, only minor TDs appear in the active  region. 

 
 

2.3. Device results and discussion 

 
Standard photolithography and wet etching techniques were used to 

fabricate exact Si (0 0 1)-based InAs/GaAs QD laser material into broad- 

area lasers with a 50 µm strip width. A schematic diagram of the fab- 

ricated InAs/GaAs QD laser on exact (0 0 1) GaAs/Si platform is shown 

 

 

Fig. 3. (a) Temperature dependent PL spectra of InAs/GaAs QDs directly grown on GaAs/Si (0 0 1) substrate. (b) PL peak Intensity and FWHM change of ES and GS 

emission versus temperature from 20 K to 300 K. 
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Fig. 4. (a) Cross-sectional TEM image for whole buffer including DFLs. (b) Cross-section TEM image for active region with InAs/GaAs DWELL structure. 

 

 

Fig. 5. (a) Schematic diagram of fabricated InAs/GaAs QD laser on GaAs/Si (0 0 1). (b) LIV characteristic of 50 µm × 3 mm broad-area InAs/GaAs QD laser directly 

grown on GaAs/Si (0 0 1) substrate. (c) LI characteristics of InAs/GaAs QD laser directly grown on GaAs/Si (0 0 1) at various operation temperature. The inset shows a 

lasing spectrum at 180 A/cm2 injection current density. (d) Temperature dependence of threshold current density for InAs/GaAs QD laser directly grown on GaAs/Si 

(0 0 1) substrate from 16 °C to 52 °C. 

 

in Fig. 5(a). The last 300 nm highly doped N-type GaAs layer in DFL 

below Al0.4Ga0.6As cladding layer was etched for N-type contact (Ni/ 

GeAu/Ni/Au) deposition by thermal evaporation. The top P-type GaAs 

contact layer was etched down about 200 nm and Ti/Pt/Au layer was 

deposited by sputtering to form a P-type metal contact. After thinning 

the Si substrate down to 120 µm, laser bars were cleaved into 3 mm 

cavity length without applying facet coating. The completed devices 

were mounted on copper heatsinks and bonded with gold wires for 

further lasing characteristic measurements. 

Fig. 5(b) presents a light-current-voltage (LIV) characteristic for the 
broad-area InAs/GaAs QD laser on GaAs/Si (0 0 1). The light-current 

(LI) curve shows a low Jth of ∼160 A/cm2 at room temperature under 

CW operation mode, which is a significant improvement compared to 
our previously reported results on GaAs/Si (0 0 1) [26]. Moreover, as 
the device has been fabricated by As-only growth and has a buffer as 

thin as ∼2 µm, the compatibility of the device with industry   standard 

fabrication process has also improved. Furthermore, for the LI curve, a 

single facet output power of 48 mW is obtained at injection current 

density of 500 A/cm2 with no thermal rollover. The calculated slope 

efficiency  and  external  differential  quantum  efficiency  achieved  are 

∼0.095 W/A and 9.95%, respectively, which indicate an improvement 

to our previous results (∼0.068 W/A and 7.20%) [26]. As heating af- 
fects the laser performance under CW mode, improved slope efficiency 

leads to a better temperature stability of device. To have a quantitative 
investigation, the temperature dependence of Jth and characteristic 

temperature T0  are shown in Fig. 5(c) and   (d). 

Fig. 5(c) presents the LI characteristics of InAs/GaAs QD laser on 

GaAs/Si (0 0 1) at various operation temperatures under CW mode. The 

Jth increases with the rising of operation temperature, and lasing was 

observed up to 52 °C. Also, the LI characteristic at 52 °C shows thermal 

rollover of the output power which can be due to the self-heating of the 

device. Hard soldering to high thermal conductivity heatsinks may help 



K. Li et al. Journal of Crystal Growth 511 (2019) 56–60 

60 

 

 

 

to improve the  temperature  performance  of  device.  The  inset  in 

Fig. 5(c) presents a laser emission spectrum with injection current 

density of 180 A/cm2 at room temperature, which shows the lasing 

wavelength  at  O-band.  Temperature-dependence  of  Jth   is  shown  in 

Fig. 5(d). The calculated characteristic temperature T0  of ∼60.8 K    was 
between 16 °C and 36 °C under CW mode. At higher temperatures 36–

52 °C, the characteristic temperature T0 was degraded to ∼26.1 K. For 

the next step, the characteristic temperature T0 could be further 
improved by introducing P-type modulation doping technique. 

 
3. Conclusion 

 
In conclusion, we have successfully demonstrated an electrically 

pumped CW 1.3 µm InAs/GaAs QD laser directly grown on CMOS- 

compatible Si (0 0 1) substrate operating at maximum temperature of 

52 °C with a reduced thickness of ∼2 µm high quality III-As buffer 

layer, including In0.18Ga0.82As/GaAs DFLs. A low Jth down to 160 A/ 

cm2 is achieved. A single facet output power of 48 mW was observed 

without thermal rollover at 500 A/cm2. Much higher output power can 
be expected with higher injection current density. Lasing was observed 

up to 52 °C with a calculated characteristic temperature T0 of 60.8 K 

from 16 °C to 36 °C under CW operation mode. Further improvement in 
the temperature characteristics on this platform is possible with im- 
proved fabrication process. Monolithically integrated InAs/GaAs QD 

lasers on exact Si (0 0 1), without intermediate buffer, provide a pro- 
mising approach for implementing high-performance, CMOS-compa- 
tible and low-cost on-chip light sources for Si photonics, which can be 
seen as a major step towards its  commercialization. 
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