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Abstract: We report the first operation of an electrically pumped 1.3-μm 
InAs/GaAs quantum-dot laser epitaxially grown on a Si (100) substrate. The 
laser structure was grown directly on the Si substrate by molecular beam 
epitaxy. Lasing at 1.302 μm has been demonstrated with threshold current 
density of 725 A/cm

2
 and output power of ~26 mW for broad-area lasers 

with as-cleaved facets at room temperature. These results are directly 
attributable to the optimized growth temperature of the initial GaAs 
nucleation layer. 

©2011 Optical Society of America 

OCIS codes: (230.5590) Quantum-well, -wire, and –dot devices; (250.5960) Semiconductor 
lasers; (250.5300) Photonic integration circuits. 

References and links 

1. D. Liang, and J. E. Bowers, “Recent progress in lasers on Silicon,” Nat. Photonics 4(8), 511–517 (2010). 
2. G. T. Reed, G. Mashanovich, F. Y. Gardes, and D. J. Thomson, “Silicon optical modulators,” Nat. Photonics 

4(8), 518–526 (2010). 
3. J. Liu, X. Sun, R. Camacho-Aguilera, L. C. Kimerling, and J. Michel, “Ge-on-Si laser operating at room 

temperature,” Opt. Lett. 35(5), 679–681 (2010). 
4. B. Jalali, and S. Fathpour, “Silicon photonics,” J. Lightwave Technol. 24(12), 4600–4615 (2006). 
5. J. Michel, J. Liu, and L. C. Kimerling, “High-performance Ge-on-Si photodetector,” Nat. Photonics 4(8), 527–

534 (2010). 
6. K. Tanabe, D. Guimard, D. Bordel, S. Iwamoto, and Y. Arakawa, “Electrically pumped 1.3 microm room-

temperature InAs/GaAs quantum dot lasers on Si substrates by metal-mediated wafer bonding and layer 
transfer,” Opt. Express 18(10), 10604–10608 (2010). 

7. Z. Mi, J. Yang, P. Bhattacharya, and D. L. Huffaker, “Self-organised quantum dots as dislocation filters: the case 
of GaAs-based lasers on silicon,” Electron. Lett. 42(2), 121–123 (2006). 

8. R. Fischer, W. T. Masselink, J. Klem, T. Henderson, T. C. McGlinn, M. V. Klein, H. Morkoc, J. H. Mazur, and J. 
Washburn, “Growth and properties of GaAs/AlGaAs on nonpolar substrates using molecular beam epitaxy,” J. 
Appl. Phys. 58(1), 374–381 (1985). 

9. R. Fischer, W. Kopp, H. Morkoç, M. Pion, A. Specht, G. Burkhart, H. Appelman, D. McGougan, and R. Rice, 
“Low threshold laser operation at room temperature in GaAs/(Al,Ga)As structures grown directly on (100)Si,” 
Appl. Phys. Lett. 48(20), 1360–1361 (1986). 

10. M. Sugawara, and M. Usami, “Quantum dot devices handling the heat,” Nat. Photonics 3(1), 30–31 (2009). 
11. H. Y. Liu, I. R. Sellers, T. J. Badcock, D. J. Mowbray, M. S. Skolnick, K. M. Groom, M. Gutierrez, M. 

Hopkinson, J. S. Ng, J. P. R. David, and R. Beanland, “Improved performance of 1.3 μm multilayer InAs 
quantum-dot lasers usinga high-growth-temperature GaAs spacer layer,” Appl. Phys. Lett. 85(5), 704–706 
(2004). 

12. D. G. Deppe, K. Shavritranuruk, G. Ozgur, H. Chen, and S. Freisem, “Quantum dot laser diode with low 
threshold and low internal loss,” Electron. Lett. 45(1), 54–55 (2009). 

13. R. Beanland, A. M. Sanchez, D. Childs, K. M. Groom, H. Y. Liu, D. J. Mowbray, and M. Hopkinson, “Structural 
analysis of life tested 1.3 μm quantum dot lasers,” J. Appl. Phys. 103(1), 014913 (2008). 

14. L. Li, D. Guimard, M. Rajesh, and Y. Arakawa, “Growth of InAs/Sb:GaAs quantum dots on silicon substrate 
with high density and efficient light emission in the 1.3 μm band,” Appl. Phys. Lett. 92(26), 263105 (2008). 

15. H. Y. Liu, M. Hopkinson, C. N. Harrison, M. J. Steer, R. Frith, I. R. Sellers, D. J. Mowbray, and M. S. Skolnick, 
“Optimizing the growth of 1.3 μm InAs/InGaAs dots-in-a-well structure,” J. Appl. Phys. 93(5), 2931–2936 
(2003). 

16. H. Y. Liu, D. T. Childs, T. J. Badcock, K. M. Groom, I. R. Sellers, M. Hopkinson, R. A. Hogg, D. J. Robbins, D. 
J. Mowbray, and M. S. Skolnick, “High-performance three-layer 1.3-μm InAs/GaAs quantum-dot lasers with 
very low continuous-wave room-temperature threshold currents,” IEEE Photon. Technol. Lett. 17(6), 1139–1141 
(2005). 

17. V. M. Ustinov, and A. E. Zhukov, “GaAs-based long-wavelength lasers,” Semicond. Sci. Technol. 15(8), R41–
R54 (2000). 

#145159 - $15.00 USD Received 4 Apr 2011; revised 11 May 2011; accepted 11 May 2011; published 26 May 2011
(C) 2011 OSA 6 June 2011 / Vol. 19,  No. 12 / OPTICS EXPRESS  11381



1. Introduction 

Although Si-based light generation and modulation technologies have been extensively 
investigated, Si-based lasers are still considered to be the holy grail of Si photonics, because 
they represent one of the greatest challenges to be realised among all the Si photonic 
components, and they have massive application potential if successful [1–5]. The integration 
of III-V lasers with Si technology is the most promising near-term approach [1,3]. Among III-
V/Si integration approaches, direct epitaxial growth of III-V compounds on Si substrates 
could be the most desirable [6,7]. But there are severe issues associated with direct epitaxial 
growth of III-V materials on Si substrates, i.e., the formation of high-density threading 
dislocations (TDs) due to the lattice mismatch between III-V compounds and Si, and the 
formation of antiphase boundaries (APBs) due to the polar/non polar nature of the III-V/IV 
system [8]. For conventional III-V/Si quantum well (QW) devices, any TD or APB 
propagating through the QWs will become a nonradiative recombination centre, and hence 
lead to significant increment of threshold current density, Jth, for QW lasers [9]. III-V 
quantum-dot (QD) lasers have recently been demonstrated with a significantly lower Jth and 
more temperature-independent operation than for QW lasers [10–12]. Furthermore, QD lasers 
have lower sensitivity to defects than QW ones [13]. These novel attributes of QD technology 
are very promising for the development of III-V/Si lasers by the use of direct epitaxial growth. 
An InAs/GaAs QD laser directly grown on a Si substrate by using both metal organic 
chemical vapor deposition (MOCVD) and molecular beam epitaxy (MBE) was successfully 
demonstrated with a Jth of 900 A/cm

2
 at room temperature (RT) [7]. However, the lasing 

wavelength was around 1.0 μm, which is shorter than that required for the telecommunication 
band of 1.3 μm. Although RT 1.3-μm emission has been demonstrated for InAs/Sb:GaAs QDs 
on Si substrate using low-pressure MOCVD, the photoluminescence (PL) spectrum is much 
broader and weaker than that of the reference sample grown on GaAs substrate [14]. 
Moreover, there has been no report yet on the realisation of 1.3-μm QD lasers by direct 
epitaxial growth of III-V compounds on Si substrates. 

In the present work, we first optimized the growth temperature of the GaAs nucleation 
layer on Si substrates. A standard 1.3-μm InAs/InGaAs dot-in-a-well (DWELL) laser 
structure was then directly grown on Si substrate with the use of optimized GaAs nucleation 
temperature. Our device exhibits ground-state lasing at 1.302 μm by electrical carrier 
injection, with Jth of 725 A/cm

2
 at room temperature (RT). QD laser operation is achieved for 

heatsink temperatures up to 42 °C, with a characteristic temperature, T0, of ~44 K between 20 
°C and 42 °C. 

2. Effects of the growth temperature on the GaAs nucleation layer on Si substrate 

InAs/GaAs QD samples were fabricated on Si substrates by solid-source MBE. The schematic 
layer structure is illustrated in Fig. 1. Phosphorus-doped (100)-orientated Si substrates with 4° 
offcut towards the [110] planes were used in our experiments. Oxide desorption was 
performed by holding the Si substrate at a temperature of 900 °C for 10 minutes. The Si 
substrate was then cooled down for the growth of a 30-nm GaAs nucleation layer with a low 
growth rate of 0.1 monolayers (ML)/s. The growth of the GaAs nucleation layer was studied 
for growth temperatures of 380 °C, 400 °C, and 420 °C. An additional 970-nm GaAs layer 
was grown with a high growth rate of 0.7 ML/s at high temperature. InGaAs/GaAs dislocation 
filter layers, consisting of two repeats of a five-period (10-nm In0.15Ga0.85As/10-nm GaAs) 
superlattices (SPLs) and 400-nm GaAs, were used [8,9]. Finally 1-μm SPL layers of 
alternating 5-nm GaAs/5-nm Al0.4Ga0.6As layer completed the III-V buffer layers. Five 
InAs/InGaAs DWELL layers were then grown at optimized conditions as on GaAs substrates, 
with each layer consisting of 3.0 MLs of InAs grown on 2 nm of In0.15Ga0.85As and capped by 
6 nm of In0.15Ga0.85As [15]. 45-nm GaAs barriers separated the five DWELLs. The growth 
temperature was 580 °C for GaAs, and 510°C for the In-containing layers. Atomic force 
microscopy (AFM) measurements were performed on uncapped samples in which the growth 
was halted after the formation of the first-layer InAs QDs. A typical AFM image for the 
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sample with the initial GaAs nucleation layer grown at 400 °C is shown in the inset of Fig. 2, 

from which a QD density of 4.3 × 10
10

 cm
2

 is obtained. 

 

Fig. 1. Cross-sectional schematic of fabricated InAs/InGaAs dot-in-a-well structure on Si 
substrate. 

 

Fig. 2. RT PL spectra of InAs/GaAs QDs grown on Si substrates with different growth 
temperatures for the initial GaAs nucleation layer. The RT PL spectrum of InAs QDs grown on 
GaAs substrate is also shown as a reference. The inset shows a 1 × 1 μm2 AFM image of 
InAs/GaAs QDs grown on Si substrate. 

Figure 2 compares RT PL spectra of InAs/GaAs QDs grown on Si substrate with different 
GaAs nucleation temperatures and with a reference QD sample grown on GaAs substrate. The 
QDs yield RT emission at around 1.3 μm with full width at half maximum (FWHM) of ~30 
meV for all the samples shown in Fig. 2. These PL linewidths obtained from InAs/GaAs QDs 
on Si substrates are much narrower than that of ~53 meV reported for InAs/Sb:GaAs QDs 
grown on a Si substrate by MOCVD [14], and it is comparable to the values obtained for 
GaAs-based 1.3-μm InAs QDs [15]. Of considerable significance is that the PL intensity of 
the InAs/GaAs QD ground-state transaction on Si is strongly dependent on the growth 
temperature of the initial GaAs nucleation layer. The strongest PL intensity for InAs/GaAs 
QDs on Si substrate is obtained from the sample with initial GaAs growth at 400 °C, and it is 
more than a half that of InAs QDs grown on GaAs substrate. It should be mentioned that the 
InAs QDs grown on GaAs substrate were grown under optimized conditions and represents 
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very high optical quality as the QD laser diode based on identical growth parameters gives an 
extremely low Jth and high output power at RT [11,16]. 

To understand the effect of the growth temperature of the initial GaAs nucleation layer on 
the optical properties of InAs/GaAs QDs on Si substrate, transmission electron microscopy 
(TEM) measurements were performed to compare the structural properties of GaAs/Si 
interfaces with different GaAs nucleation temperatures, as shown in Fig. 3. The defects are 
generated at the GaAs/Si interface for all the samples shown in Fig. 3 due to the mismatch 
between GaAs and Si. Most defects are confined within 50 nm of GaAs/Si interface while 
some propagate into the III-V buffer layers. The density of defects propagating into the GaAs 
buffer is strongly dependent on the GaAs nucleation temperature with the lowest density of 
defects at 400 °C, and hence the strongest PL intensity for Si-based InAs/GaAs QDs observed 
in Fig. 2. 

 

Fig. 3. Cross-sectional TEM images of GaAs/Si interface for the initial GaAs nucleation layer 
grown at (a) 380 °C, (b) 400 °C, and (c) 420 °C. 

3. Crystal growth and fabrication of broad-area InAs/GaAs QD lasers 

A 5-layer InAs/InGaAs DWELL laser structure on Si substrate was fabricated with the use of 
the optimised GaAs nucleation temperature of 400 °C and on Si-doped III-V buffer layers. 
The III-V buffer layer is similar to that used for studying the effects of the GaAs nucleation 
layer and consisted of the following layer sequence: GaAs buffer layer, InGaAs/GaAs 
dislocation filter layers, and GaAs/AlGaAs superlattice layers. The 5-layer InAs/InGaAs 
DWELL structure was grown at the center of an undoped 150-nm GaAs/AlGaAs waveguide 
layer with n-type lower and p-type upper cladding layers consisting of 1.5-μm Al0.4Ga0.6As 
deposited at 610 °C. A 300-nm p

+
-GaAs contact layer completed the growth. Broad-area 50-

μm stripe lasers with cleaved facets were then formed by applying Ti/Au on the top and Cr/Au 
on the bottom of the structure. Devices of 3-mm length were bar-tested, being directly probed 
without any mounting and bonding. 

4. Results and discussion 

Figure 4 shows the light output against current characteristics of a fabricated device at RT. 
Laser characteristics were measured in pulsed mode using a pulse width of 0.1 μs and duty 
cycle of 0.01%. The measured output power is 26 mW at an injection current density of 1.2 
kA/cm

2
, with no evidence of power saturation up to this current density. The RT Jth is 725 

A/cm
2
, which is lower than the previously reported values of 900 A/cm

2
 for a 1.02-μm 
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InGaAs/GaAs QD laser directly grown on Si substrate [7]. Note that this device was 
processed with as-cleaved facets. The use of high-reflection (HR) coating on the facets in 
future studies will further decrease Jth [16]. The inset in Fig. 4 shows the laser optical 
spectrum above threshold, in which RT lasing at 1.302 μm is observed. 

 

Fig. 4. Light output against current characteristic for InAs/GaAs quantum-dot laser on Si 
substrate under pulsed conditions at room temperature. The inset shows the laser optical 
spectrum above threshold. 

 

Fig. 5. Light output against current characteristic for InAs/GaAs quantum-dot laser on Si 
substrate at various operating temperatures. 

Figure 5 shows the output power for a Si-based InAs/GaAs QD laser at various operation 
temperatures, ranging from 20 °C to 42 °C. This QD laser has a 42 °C maximum lasing 
temperature with a characteristic temperature T0 of 44 K. Note that generally 1.3-μm 
InAs/GaAs QD lasers show poor T0 in the range of 35 K - 60 K around RT [17]. The 
temperature stability of 1.3-μm InAs/GaAs QD lasers on Si could be significantly enhanced 
by using p-type modulation doping of the QDs, which is a well established technique for 

dramatically increasing the value of T0, even up to T0~ for GaAs-based QD lasers [10]. 
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5. Summary 

We have demonstrated the first operation of 1.3-μm InAs/GaAs QD lasers epitaxially grown 
on Si substrates by molecular beam epitaxy. The GaAs nucleation temperature on the Si 
substrate has been first optimized for obtaining high PL intensity of 1.3-μm InAs/GaAs QDs 
grown on Si substrates. RT lasing at 1.302 μm has been achieved with an output power of ~26 
mW and Jth of 725 A/cm

2
 for a five-layer InAs/GaAs QD device on Si substrate with as-

cleaved facets. This study is an essential step toward the monolithic integration of long-
wavelength InAs/GaAs QD lasers on Si substrates, as well as for the creation of other III-V 
devices on Si. 
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