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A unique epitaxy process has been developed to grow high quality InP nanowires on 

(001) Si substrates. By optical pumping, room temperature lasing has been successfully 

achieved and a large spontaneous emission factor is obtained, indicating strong 

confinement of the optical mode in the cavity. 

Introduction 

As the microelectronics manufacturers keep shrinking transistor sizes and manage to 

integrate more and more devices on a single chip, the bottleneck that limits the overall 

system performance becomes the conventional copper based interconnects. In the 

meantime, optical interconnect is attracting more and more attention, and the evolution 

of the underlying technology strongly supports the anticipation that optical interconnects 

will become a competitive solution for overcoming the intra- and inter chip 

communication bottleneck [1, 2]. As the key component for an optical communication 

system, however, a high performance on-chip laser source is still missing. Different 

approaches are being actively explored across the world. For instance, extensive work is 

being carried out nowadays to engineer silicon or germanium for optical gain generation 

[3, 4]. Nevertheless, III-V materials are still the best option, considering their superior 

performance and the technology that has been developed for decades. Wafer bonding 

based integration techniques were proposed for III-V on silicon integration and resulted 

in considerable success over the last decade [5, 6]. On the other hand, although the more 

appealing monolithic approach is challenging for implementation, considerable progress 

has recently been made.  

Among various solutions, localized epitaxial approaches, e.g. the growth of III-V 

nanowires on silicon, have shown remarkable progress [7, 8]. However, most of the 

demonstrated growth processes were carried out on a (111) silicon surface, making it 

not compatible with the advanced complementary metal-oxide-semiconductor (CMOS) 

infrastructure. In addition, due to the limited dislocation-free lateral dimensions of the 

III-V nanowires grown on silicon, the integration approach normally utilized is to grow 

relatively wide III-V nanowires on a III-V wafer as the first step, and then a complex 

cleavage and transfer process is employed to integrate the Fabry-Perot nanowire cavity 

on a silicon wafer [9, 10]. A more controllable growth scheme is needed to increase the 

low yield and high cost associated with the approach mentioned above. In this work, a 

new approach is proposed for growing relatively thick InP nanowires on a pre-defined 

(001) silicon substrate. Without any complex post-processing, InP nano-lasers are 

successfully integrated on silicon by using a metal-organic chemical vapor deposition 

process (MOCVD). Under pulsed optical pumping, low threshold room-temperature 

laser operation is successfully achieved.  
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Experimental 

Different from the recently demonstrated InGaAs laser on silicon, whereby the growth 

was preceded by a surface roughening process [11], we start the epitaxy selectively 

within 100 nm diameter sized circular openings that were defined in a 350 nm thick 

SiO2 mask on a (001) silicon substrate. The definition of these SiO2 patterns was carried 

out in a standard CMOS fab, using a modified shallow trench isolation process (STI) 

[12]. A schematic of the process flow of the epitaxial growth can be found in Fig. 1(a).  

 
Figure 1. (a) Process flow for the InP MOCVD growth on the STI templates and (b) the growth thermal 

cycle for InP growth. 

After etching the silicon channels by HCl at high temperature (600°C) in a CVD 

reactor, a thin Ge seed layer is deposited. The Ge layer is used to reduce the lattice 

mismatch between silicon and InP, while after a subsequent high temperature (680 °C) 

annealing in a H2 flow, the Ge surface will form appropriate steps for better InP 

nucleation, reducing the generation of anti phase boundaries (APBs)[13]. As presented 

in Fig. 1(b), in the next step, the MOCVD reactor temperature is reduced to 380 °C and 

low flow rates Tertiarybutyl phosphine (TBP) and Trimethylindium (TMI) are 

introduced for the InP nucleation. After 10 minutes of InP growth, the reactant flow 

rates are increased while the temperature is increased to 610 °C, and the main part of the 

InP growth starts. By making the STI trenches narrow (aspect ratio > 2), all the 

dislocations that propagate from the lattice mismatched interface will be annihilated at 

the trench sidewalls, because dislocations normally glide along certain angles respect to 

the (001) surface [13].  
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Figure 2. (a) A tilted scanning electron microcopy (SEM) view of a typical nano-laser cavity and (b) a top 

view of the nanowire array grown on (001) silicon substrate 

In such a way, dislocation-free InP is obtained at the top part of the STI trenches, and 

the subsequent growth is carried out on this virtual lattice matched substrate. In the later 

epitaxial growth above the SiO2 mask surface, nanowires with a diameter of about 400 

nm are formed. A typical scanning electron microscopy (SEM) image of an InP 

nanowire on silicon can be found in Fig. 2(a). Similar to most of the works reported in 

literature, the obtained nanowire is oriented along the <111> axis, with a hexagonal 

cross-section. In Fig. 2(b), we also present a SEM image of the sample surface in a 

larger scale to show the yield of the epitaxial growth. Nanowires are found to be 

oriented along four equivalent <111> directions. Due to the close distance between the 

pre-defined SiO2 holes, failure to grow a certain nanowire affects the surrounding 

nanowires, resulting in different growth dimensions. This is mainly due to the loading 

effect of the epitaxial growth and it provides a way to control the wavelength of the 

nanowire laser, i.e. by controlling the nanowire dimensions through the careful design of 

the surrounding mask. 

Characterization Results 

 
Figure 3. (a) PL emission spectrums recorded below (blue) and above (red) the threshold. (b) Light in – 

Light out curve of a nano-laser (open circles are measured results, and solid curve is the rate equation 

fitting) 

Using a micro-PL setup, room-temperature lasing behavior has been achieved from 

these InP/Si nanowire cavities. A Nd:YAG nanosecond pulsed laser (Ekspla, 532 nm, 

repetition rate 321 Hz) was used as the pump source, and the collected PL signal was 

detected through a ¼ m monochromator (MS257, Newport) by a TE-cooled silicon 

detector. The signal-to-noise ratio was improved by using a lock-in amplifier.  

A typical laser emission spectrum from a signal nanowire cavity can be found in Fig. 

3(a). The PL spectrum below threshold (magnified by a factor of 25) is also plot as a 

reference. As one can see, by increasing the pump intensity, a laser peak located around 

880 nm can be clearly identified (see the red curve). The relatively wide linewidth, 

which is routinely found in literature for micro-cavity based lasers, is mainly due to the 

large spontaneous emission factor β. The spontaneous emission and stimulated emission 

rates are increased considerably so that the carrier distribution is largely distorted and 

extra noise is introduced [14, 15]. In Fig. 3(b), the collected PL emission of the lasing 

peak as a function of the input pump energy is presented on a logarithmic scale (red 

open circles). The clear transition proves the laser exhibits threshold behavior. A low 

threshold of 1.69 pJ is derived. By performing a standard rate equation fitting, a large β 
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of around 0.04 is extracted, which indicates that a large portion of the spontaneous 

emission is coupled into the lasing mode. It supports the hypothesis for the large 

linewidth discussed above.  

Conclusion 

In summary, a unique epitaxial scheme was developed and relatively thick InP 

nanowires with good material quality were successfully integrated on pre-defined (001) 

silicon substrates without any complex post-processing. Pulsed lasing from these 

nanowires has been obtained at room temperature with a low threshold. The 

demonstrated laser may find a role in the application field of on-chip optical 

interconnects. 

References 
[1] G. Chen, H. Chen, M. Haurylau, N. A. Nelson, D. H. Albonesi, P. M. Fauchet, and E. G. 

Friedman, "Predictions of CMOS compatible on-chip optical interconnect," Integration, the VLSI 

Journal, vol. 40, pp. 434-446, 2007. 

[2] D. A. B. Miller, "Device Requirements for Optical Interconnects to Silicon Chips," Proceedings of 

the IEEE, vol. 97, pp. 1166-1185, 2009. 

[3] L. Pavesi, L. Dal Negro, C. Mazzoleni, G. Franzo, and F. Priolo, "Optical gain in silicon 

nanocrystals," Nature, vol. 408, pp. 440-444, 2000. 

[4] H. Rong, R. Jones, A. Liu, O. Cohen, D. Hak, A. Fang, and M. Paniccia, "A continuous-wave 

Raman silicon laser," Nature, vol. 433, pp. 725-728, 2005. 

[5] A. W. Fang, H. Park, O. Cohen, R. Jones, M. J. Paniccia, and J. E. Bowers, "Electrically pumped 

hybrid AlGaInAs-silicon evanescent laser," Opt. Express, vol. 14, pp. 9203-9210, 2006. 

[6] J. Van Campenhout, P. Rojo Romeo, P. Regreny, C. Seassal, D. Van Thourhout, S. Verstuyft, L. 

Di Cioccio, J. M. Fedeli, C. Lagahe, and R. Baets, "Electrically pumped InP-based microdisk lasers 

integrated with a nanophotonic silicon-on-insulator waveguide circuit," Opt. Express, vol. 15, pp. 6744-

6749, 2007. 

[7] W. Guo, M. Zhang, A. Banerjee, and P. Bhattacharya, "Catalyst-Free InGaN/GaN Nanowire Light 

Emitting Diodes Grown on (001) Silicon by Molecular Beam Epitaxy," Nano Letters, vol. 10, pp. 3355-

3359, 2010/09/08 2010. 

[8] K. Tomioka, T. Tanaka, S. Hara, K. Hiruma, and T. Fukui, "III&#x2013;V Nanowires on Si 

Substrate: Selective-Area Growth and Device Applications," Selected Topics in Quantum Electronics, 

IEEE Journal of, vol. 17, pp. 1112-1129, 2011. 

[9] X. Duan, Y. Huang, R. Agarwal, and C. M. Lieber, "Single-nanowire electrically driven lasers," 

Nature, vol. 421, pp. 241-245, 2003. 

[10] S. Gradecak, F. Qian, Y. Li, H.-G. Park, and C. M. Lieber, "GaN nanowire lasers with low lasing 

thresholds," Applied Physics Letters, vol. 87, pp. 173111-3, 2005. 

[11] R. Chen, T.-T. D. Tran, K. W. Ng, W. S. Ko, L. C. Chuang, F. G. Sedgwick, and C. Chang-

Hasnain, "Nanolasers grown on silicon," Nat Photon, vol. 5, pp. 170-175, 2011. 

[12] G. Wang, M. R. Leys, N. D. Nguyen, R. Loo, G. Brammertz, O. Richard, H. Bender, J. Dekoster, 

M. Meuris, M. M. Heyns, and M. Caymax, "Selective Area Growth of InP in Shallow-Trench-Isolated 

Structures on Off-Axis Si(001) Substrates," Journal of The Electrochemical Society, vol. 157, pp. H1023-

H1028, November 1, 2010 2010. 

[13] G. Wang, M. R. Leys, R. Loo, O. Richard, H. Bender, N. Waldron, G. Brammertz, J. Dekoster, W. 

Wang, M. Seefeldt, M. Caymax, and M. M. Heyns, "Selective area growth of high quality InP on Si (001) 

substrates," Applied Physics Letters, vol. 97, pp. 121913-3, 2010. 

[14] U. Mohideen, R. E. Slusher, F. Jahnke, and S. W. Koch, "Semiconductor Microlaser Linewidths," 

Physical Review Letters, vol. 73, pp. 1785-1788, 1994. 

[15] S. Ates, C. Gies, S. M. Ulrich, J. Wiersig, S. Reitzenstein, A. Löffler, A. Forchel, F. Jahnke, and P. 

Michler, "Influence of the spontaneous optical emission factor β on the first-order coherence of a 

semiconductor microcavity laser," Physical Review B, vol. 78, p. 155319, 2008. 

 

Monolithic IntegraƟon of a InP Nano-laser on (001) Si Substrate

60


