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ABSTRACT

Compact on-chip sources with efficient emission in the O-band are a critical component for the silicon photonics
platform to realize its full potential in telecom and datacom applications. I11-V semiconductors are still the main
candidates for realizing such sources but their significant lattice mismatch with silicon remains a fundamental challenge
hampering monolithic integration. Hence, we need innovative methods to confine defects outside the active device
region. Here, an ultra-compact 1.31 um-emission photonic crystal (PC) nano-ridge laser selectively area grown on a
trench-patterned silicon substrate using aspect ratio trapping and nano-ridge engineering is demonstrated. Lasing at a
remarkably low pumping threshold of 4.42 kW/cm? and with a cavity length as small as 50 um was realized with the PC
nano-ridge device. The laser exhibits a lasing peak with side-mode suppression ratio of over 17 dB and a linewidth as
narrow as 1.47 nm under 22.91 kW/cm? pulsed pumping. This PC nano-ridge laser opens a novel route to realize a
compact light source for future high-density and massively scalable silicon photonic integrated circuits in the field of
data communication.
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1. INTRODUCTION

The global internet traffic keeps growing explosively, driven by a sustained growth in the performance of the
underpinning technology. Cost-effective and low-power-dissipation chip-to-chip and on-chip optical interconnections are
key to meet the demand for high-speed and high-performance optical communication [1]. The silicon photonics platform
is emerging as a promising solution to address this challenge. Over the past decades, silicon photonics technology has
shown steady progress, featuring keystone developments such as low-loss waveguides, ultra-fast modulators and high
bandwidth detectors [2-4]. However, the absence of an efficient and compact optical emitter integrated on the silicon
photonics platform remains a challenge. Various integration approaches for bringing 111-V materials on silicon have been
investigated, to overcome silicon’s indirect bandgap and associated low emission efficiency, but all have inherent
limitations [5-8]. A novel technique combining aspect ratio trapping and nano-ridge engineering [9-11] has allowed to
demonstrate selective area growth of high-quality 111-V material on silicon substrates without introducing thick buffer
layers. This technique offers advantages in term of device scalability, integration density and fabrication cost compared
to other integration methods. Thus far, most of this work focused on GaAs nano-ridge devices with InGaAs quantum
wells (QWSs) as the gain material. This limits the emission wavelength to 1100 nm. In optical interconnect applications,
emission at 1.31 pum or 1.55 um is more standard however. As we showed earlier, using InGaAs nano-ridge devices
allow to grow QWs with larger Indium content, shifting the gain peak to longer wavelengths [11].To realize the large-
volume integration, footprint reduction and device miniaturization are critical. In this paper, we used a photonic crystal
(PC) cavity to reduce device dimensions. The cavity was designed to suppress out-of-plane light loss, leading to low
lasing threshold and reduced power consumption.



2. LASER DESIGN
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Figure 1(a). 3D photonic crystal nano-ridge cavity model. (b) Cross-section of the structure simulated with 3D-finite
difference time domain (3D-FDTD) solver. (c) Top-view of the cavity model.

The PC nano-ridge cavity was designed using a 3D-finite difference time domain (3D-FDTD) solver. The simulation
model and the cross-section of the simulated structure are shown in Figure 1(a) and 1(b). The air holes are reaching the
top of the first QW layer, reaching a depth of approximately 180 nm. The design started with determining the fixed
center period ag and mirror period am. Then, the periods (a;, where i=1,2,3, ...) between the fixed center ap and mirror am
period were optimized to achieve a Gaussian envelope for the cavity mode field. As shown in Figure 1(c), the cavity was

divided into blocks with the same period and the period increases from the center block to the mirror block, shifting
down the bandgap.
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Figure 2(a) 3D-FDTD simulated spectrum from the 877 nm-high and 462 nm-wide photonic crystal nano-ridge cavity with
180 nm-deep etched holes and 500 periods in the mirror block at each side. (b) Electric field distribution along the light

propagation direction at the wavelength of 1.30947 um and the fit derived from the product of Gaussian and cosine function.
(c) Detail from Figure 2(b). (d) Quality factor versus number of periods in the mirror block.

Figure 2(a) presents the simulated spectrum of 877 nm-high and 462 nm-wide nano-ridge with 500 periods in the mirror
block at each side. The simulated resonance wavelength is located at 1.30947 um. Figure 2(b) and (c) gives the simulated
electric field distribution along the light propagation direction at this wavelength. The good overlap between the
simulated electric field distribution and the fitted curve derived from the product of a Gaussian and cosine function



indicates the advanced design for manipulating out-plane light loss[12-14]. Figure 2(d) shows how the quality factor of
the cavity increases with increasing number of periods (NM) in the mirror block, due to an enhanced light confinement.
However, beyond 400 periods at each side, the Q-factor value stabilizes as the other light leakage mechanisms become
dominant. To ensure sufficient reflection from the mirror block, 180 nm-deep air holes with 100, 130, 160, 190, 220,
250, 300, 350 and 400 periods in the mirror block at each side of the nano-ridge were incorporated into the final device
design. Additionally, a second-order etched grating coupler with 200 periods was added at the front and back side of the
cavity for later device characterization. Figure 3(a) and (b) give the simulated electric field profile in the PC nano-ridge
cavity, showing the majority of the field is confined in a region of £12 pm.
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Figure 3(a) Simulated top-view electric field profile in the photonic crystal nano-ridge cavity. (b) Detail from Figure 3(a).

3. FABRICATON PROCESS
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Figure 4 Process flow of photonic crystal nano-ridge cavity fabrication.

Following the design, the devices were fabricated starting from Ing25Gag7sAs nano-ridges containing 3 Ino.4sGagssAs
QWs, passivated with an InGaP layer. The fabrication details are shown in Figure 4. The box-shaped nano-ridges were
grown by metal organic vapor phase epitaxy (MOVPE) on a silicon substrate containing narrow trenches patterned in a
SiO, layer. The details of the epitaxy process can be found in previous reports [9-11]. A ~100 nm SiNy hard mask thin
film was deposited on the nano-ridge using plasma-enhanced chemical vapor deposition (Advanced Vacuum Vision 310
PECVD, Plasma-Therm) before ARP resist spin coating for electron beam lithography (EBL, VVoyager, Raith). Then, the
PC cavities with different periods in the mirror block were patterned into the ARP resist. The patterned structures were
transferred into the SiNx hard mask thin film and nano-ridge by inductively coupled plasma reactive ion etching (ICP-
RIE, Plasmalab System 100, Oxford) with CHFs/O, and BCIs/N2, respectively. Figure 5(a) and (b) present top-view
scanning electron microscope (SEM) images of the PC nano-ridge lasers, which demonstrates the process flow worked.
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Figure 5(a) Top-view SEM image of photonic crystal nano-ridge laser. (b) Enlarged SEM image of the etched holes in one nano-ridge.

4. RESULTS AND DISCUSSION
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Figure 6(a) PL spectra from the photonic crystal nano-ridge laser with 100 periods in the mirror block at each side under
different 532 nm pulsed pump power densities and a Gaussian fit applied to the spectrum under 22.91 kW/cm?2. (b) PL
spectrum in dB scale from the same laser under 22.91 kW/cm?. Light in (pump power density) - Light out (integrated PL
intensity) curve on linear (c) and logarithmic (d) scale from the same laser, with fitted curve based on rate equations [15-
16].

To characterize the optical properties, the device with 100 periods in the mirror block at each side and cavity length as
small as 50 um was excited by a Nd:YAG 532-nm nanosecond pulsed laser at room temperature. The emission from the
device was collected and detected with a monochromator (KYMERA-3281-D2-SIL, Oxford instruments, Andor) and a
water-cooled InGaAs detector (iDus, DU490A-1.7 Model, Oxford instruments, Andor). Figure 6(a) gives the
photoluminescence (PL) spectra of this device under different 532 nm pulsed pumping. A lasing peak at 1314 nm
appears at 4.42 kW/cm? and the peak intensity increases significantly as the pumping power density rises further. The
linewidth of the laser, obtained from fitting a Gaussian function with the spectrum at 22.91 kW/cm?, is 1.47 nm, and is
believed to be limited by carrier dispersion during the pump pulse. Figure 6(b) shows a side-mode suppression ratio of
more than 17 dB for this device at 22.91 kW/cm?. Figure 6(c) and 6(d) show light in (pump power density) - light out
(integrated PL intensity) curve on linear and logarithmic scale, together with a fitted curve obtained from the rate
equations [15-16]. A clear change of slope and S-shaped curve are strong indicators of laser operation.

5. CONCLUSION

In conclusion, we fabricated compact photonic crystal IngsGagssAS/INg25Gao.7sAs nano-ridge lasers monolithically
grown on a standard 300-mm Si wafer. The photonic crystal cavity consists of 180 nm-deep etched holes and the mirror
block at each side comprises 100 periods. As a result of the enhanced light interaction in the photonic crystal, the lasing



was achieved in a device with a cavity length as small as 50 um and with a remarkably low pulsed pumping power
density threshold of 4.42 kW/cm?. The laser exhibited a lasing peak with side-mode suppression ratio exceeding 17 dB
and a linewidth as narrow as 1.47 nm at 22.91 kW/cm?. This compact photonic crystal laser emitting at 1.31 um opens up
a promising path towards developing ultra-compact electrically-driven devices [17] for future high-density and
massively scalable silicon photonic integrated circuits.
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