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ABSTRACT: We propose a platform based on III−V
compound semiconductor nanopillars monolithically integrated with silicon photonics. Nanopillars were grown in a
process free of metal catalysts onto silicon at low temperature,
and a bottom-up process was applied to deﬁne the photonic
integrated circuit. Stimulated and spontaneous emissions from
the nanopillars are direct coupled to silicon waveguides.
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shown in Figure 1. Such platform can be obtained by two
diﬀerent approaches: top down (where nanopillars are grown in

omplementary metal-oxide-semiconductor (CMOS)
process promoted the adoption of silicon as the
preeminent platform by the microelectronics industry. The
legacy of this technology is responsible for leveraging the
implementation of active devices on silicon photonics.1,2
However, novel compact optical devices and very-low-energy
optoelectronic devices are required for reducing the cost per bit
while maximizing the processing ability of future silicon based
electronic chips. In this context, optical interconnects are
promising to play a substantial role in improving density,
energy, and timing.3 The use of silicon as a standard platform
brought many beneﬁts both for microelectronics and photonics
primarily because it makes it easier to scale up and integrate
devices. However, as an optical material, silicon has an indirect
band gap, which poses a tremendous limitation for eﬃcient
optoelectronic devices. To overcome this limitation, diﬀerent
strategies to integrate direct bandgap III−V compound
materials onto a silicon platform have been proposed, which
can be generally organized in the following categories:
heteroepitaxial growth,4−14 wafer bonding,15,16 and ﬂip-chip
integration.17
Our approach to implement heterogeneous integration of
III−V compound semiconductors onto silicon photonics is
based on growth of nanopillars/nanoneedles/nanowires
composed by active materials directly grown onto silicon
substrate.5−8,10−14 Such approach substantially alleviates the
eﬀects of lattice mismatching between III−V compounds and
silicon substrates, allowing the growth of high quality materials
required for implementing eﬃcient optoelectronic devices.18−21
In this letter, we propose and experimentally demonstrate a
monolithic integration of III−V compound semiconductors in
nano- and microscale geometries to silicon waveguide geometries, as well as the optical coupling of spontaneous10,11 and
stimulated emission.10 A schematic of the proposed platform is
© 2017 American Chemical Society

Figure 1. Scheme of III−V compound semiconductor nanopillar
monolithically integrated to silicon waveguide.

speciﬁc positions on top of a silicon photonic circuit) or
bottom up (where photonic circuit is deﬁned after nanopillars
growth). We present the latter approach where an optical
source is monolithically integrated to silicon photonics
platform. The results pave a new way for the realization of
novel optical and optoelectronic devices which can fulﬁll the
requirements of having ultracompact sources of light directly
integrated to silicon photonics. The proposal and results show
the complete compatibility with the CMOS platform as the
Received: December 25, 2016
Published: April 11, 2017
1021

DOI: 10.1021/acsphotonics.6b01035
ACS Photonics 2017, 4, 1021−1025

ACS Photonics

Letter

mixture compared to silicon, the uncovered top regions of the
nanopillars do not experience major etching related damages.
Time-Resolved Photoluminescence (TRPL) measurements
were performed on the sample-1 in order to evaluate if the
aforementioned process compromised the material quality of
the nanopillars. Figure 3 shows results from TRPL measure-

process is free of metal catalysts, it is performed at low
temperatures, and it is cost-eﬀective as it uses standard
technologies like metal−organic chemical vapor deposition
(MOCVD) to monolithically grow III−V onto silicon platform.

■

RESULTS AND DISCUSSION
Two diﬀerent samples were grown in order to assess the
aforementioned proposal. In the sample-1, InP nanopillars were
grown onto a silicon substrate for short wavelength emission
experiments. For the sample-2, InGaAs/InP quantum wells
(QWs) on nanopillars were grown on a silicon-on-insulator
(SOI) wafer in order to demonstrate silicon-transparent
wavelength emission. Details about the preparation of samples
and growth can be found in the Methods.
The proposed process is shown in Figure 2. After growing
nanopillars (Figure 2a), sample is covered by 200 nm of SiO2

Figure 3. InP carrier lifetime comparison: before and after the process
applied to realize the waveguides on the sample-1.

ments in one of the structures, where the lifetime from the InP
nanopillar is compared before and after the waveguides
fabrication process. In general, a small change was seen within
the reasonable range of optical pump power levels. The inset in
Figure 3 shows a SEM image (30° of tilted view) of a fabricated
device (after removing the SiO2 mask) with an up-right InP
nanopillar positioned on top of a Si ridge waveguide geometry.
The InP nanopillar has, at its bottom region, a diameter of 528
nm and a length of 6.45 μm and is positioned at the center of a
silicon waveguide with a ridge thickness of 410 nm (measured
by 3-D laser confocal microscope).
Microphotoluminescence (μ-PL) measurements performed
on nanopillars on silicon waveguides are shown in Figure 4a (in
blue): the emission is centered at λ = 825 nm at low
temperature (4 K), indicating the pillar material is single
crystalline and in Wurtzite phase. The inset shows a top-view
SEM image from that structure. As the optical pumping power
is increased, the nanopillar emission reaches threshold and
lasing. The red curve in Figure 4a shows the narrowing of
optical spectrum. The laser peak dominates the emission above
the threshold, achieving about 7.88 dB of background
suppression ratio. In Figure 4b, the L−L curve from that
nanopillar measured at 4 K has an abrupt “S-shape”, with laser
threshold at 223 μJ/cm2. Finally, camera images of a single InP
nanopillar emission below threshold show just a spot of light
from spontaneous emission (Figure 4c), and above threshold
(upon lasing) strong speckle patterns can be noticed (Figure
4d). The speckle pattern results from high degree of coherent
emission, a classic signature of laser oscillation.
Nanopillars grow along the ⟨111⟩ directions. While most
pillars are grown surface-normal to the (111) Si-substrate,
many others grow along a degenerate direction and form an
angle of 54.7 degrees to the surface-normal direction. Figure 5
shows results for two nanopillars on waveguide structures
fabricated using sample-2: one pillar has vertical orientation
while the other one is slanted. Figure 5a shows SEM image
(30° tilted view) of an InGaAs/InP 5-QWs upright nanopillar
on top of the center of two crossing silicon waveguides. The
structure with those crossing waveguides has four output ports

Figure 2. (a) Nanopillar grown by MOCVD. (b) Oxide deposition by
PECVD. (c) Waveguide layout transferred by e-beam lithography
using PMMA resist. (d) Transferring the waveguide pattern to SiO2
layer by wet etching. (e) E-beam resist removal. (f) Dry etching of the
silicon region by SF6 and O2 plasma.

layer, deposited by plasma-enhanced chemical-vapor deposition
(PECVD) at 250 °C (Figure 2b) in order to produce a mask to
deﬁne silicon waveguides. E-beam resist (PMMA) is spun with
4000 rpm for 60 s. After exposing and developing the e-beam
resist (Figure 2c) the waveguide layouts are transferred to the
SiO2 layer by wet etching with buﬀered oxide etch (BOE) 10:1
for 3 min (Figure 2d). The higher portions of SiO2 covering the
nanopillars are also exposed to the wet etching due to the
thickness and viscosity of the e-beam resist used to write the ebeam mask. Subsequently, both regions, Si(111) deﬁned by the
mask and the top portion of the nanopillars are exposed. Ebeam resist is then removed by acetone, methanol and water
(Figure 2e) and ﬁnally, a gas mixture of SF6 (60 sccm) and O2
(6 sccm) ﬂows into a reactive ion etching (RIE) system in
order to deﬁne the waveguide geometries in the silicon layer
(Figure 2f). Since InP has a high selectivity against this plasma
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Figure 4. Optically pumped laser at low temperature after the process of fabrication as a proof that such process is robust, and does not compromise
the material quality. (a) Spectra of the InP nanopillar laser below (blue, magniﬁed 2×) and above (red) laser threshold measured at 4 K. Inset shows
an SEM image from the top view of that structure. (b) L−L curve of the nanopillar laser. Camera images from the near ﬁeld of the nanopillar laser
below (c) and above the laser threshold (d).

nanopillar, as well as the nanopillar geometry can increase the
power coupled to waveguides like ridge and wire ones. Also, by
optimizing the nanopillar geometry and dimensions (see
Supporting Information in ref 6 and refs 13 and 14) it could
be possible promote lasing activity and allow for low threshold
laser emission, and increase the optical power leaked from the
very bottom region of the nanopillar (which may increase the
coupling eﬃciency). As an example of optimized nanopillar
geometry, if we assume a hexagonal prism shape with a
diameter of 0.88 μm and a height of 0.84 μm on top of the
fabricated waveguide, the same mode, quasi-TM41, would
resonate at about λ = 1.3 μm and would reach 60% of coupling
eﬃciency, and quality factor of 52.
For the simulations shown in Figure 6, the nanopillar was
modeled as an optical cavity acting as a source of light directly
integrated to the silicon photonics platform. Furthermore,
nanopillars with more tapered geometries, like that one shown
at the inset from Figure 3, even if composed only by InP can be
used as ultracompact passive optical couplers, for longwavelength operation, in photonic integrated circuits.

(S1, S2, S3, and S4), and a SiO2 cladding layer partially covering
the nanopillar can be noticed (as depicted in the schematic of
the Figure 2f). This nanopillar has, at its bottom region, a
diameter of about 0.9 μm, and height of ∼4.3 μm, and has a
hexagonal pyramidal frustum shape. Those silicon waveguides
have width of ∼1 μm, and height of ∼0.9 μm, and are
positioned on top of a buried oxide (BOX) layer of 2.2 μm of
thickness. The optical power emitted from this nanopillar, after
ﬁltering the spectrum around the optical pump (λp = 750 nm),
is shown in top view in Figure 5b. Optical coupling through all
four ports is observed.
Crossing waveguides were also designed below slanted pillars
in order to create an asymmetry in the structure and highlight
another advantaged of this approach. An SEM image from the
top view of this structure is shown in Figure 5c. The light
emitted from that nanopillar is shown in Figure 5d. Bright
emission from the nanopillar can be seen and, some portion of
it can be seen coming from the two crossing waveguides all the
way to the four output ports: S1, S2, S3, and S4. It is interesting
to notice that the nanopillar does not need to be upright in
order to couple light through silicon waveguide. Furthermore,
nanopillars in both conﬁgurations are working like a dielectric
resonator nanoantenna,22 and composed of active materials,
integrated to a dielectric waveguide. μ-PL intensities from both
structures are shown in Figure 5e with spontaneous emission
centered at λ0 = 1.260 μm (for the slanted nanopillar) and λ0 =
1.300 μm (for the upright one) with peaks highlighting the
presence of optical modes.
Figure 6 presents results from ﬁnite-diﬀerence time-domain
(FDTD) simulations where the dependence of quality factor
and coupling eﬃciency of the proposed platform versus the
SOI device layer thickness, t, is shown. The nanopillar
dimensions from the SEM image shown in Figure 5a were
taken as reference to perform the numerical simulations. As the
slab thickness increases the quality factor decreases, the reason
is because the mode in the nanopillar experiences less feedback
from the reﬂections in very bottom face of the waveguide,
making it easier to leak through the waveguide. From those
simulations, the coupling eﬃciency through the waveguide
reaches values as high as 30%, and most of the remaining stored
power is radiated into free space. Figure 6b depicts the Ez-ﬁeld
from the resonating mode, quasi-TM41, estimated from
simulations. Figure 6c shows a colormap of the E-ﬁeld
magnitude stored in the nanopillar being coupled to the
waveguide. Optimization in the waveguide portion around the

■

CONCLUSION
We have experimentally demonstrated an ultracompact platform for coupling spontaneous and stimulated emission to
silicon waveguides by directly growing III−V compound
semiconductor nanopillars onto the silicon photonics platform.
The fabricated sources of light assume footprints below 1 μm2
for long-wavelength emission in a CMOS compatible process,
which represents a step toward of monolithic integration of
eﬃcient sources of light to silicon. In fact, an active nanopillar
can be seen as an unprecedented all-dielectric resonator
nanoantenna, which shines light to a perspective of collecting
and converting light to be coupled in and out of waveguides.
The experiments show that energy can be harvested by a
nanopillar and coupled to waveguides in a structure with small
footprint, which is another contribution in terms of device
miniaturization. An optical coupler and a power splitter with
four outputs (the number of output ports is not necessarily
limited to four), can be monolithically integrated on a footprint
as small as ∼4 μm2. Moreover, when such nanopillars/
nanoneedles geometries are optically excited in their transparent window, they can behave like an optical passive coupler.
In this perspective, they are still ultracompact compared to
1023
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Figure 6. (a) Simulations showing the trade-oﬀ between the
waveguide thickness versus quality factor and coupling eﬃciency.
(b) Nanopillar cross-section outlining the resonating mode, TM41 at λ
= 1.3 μm. (c) Color map of the E-ﬁeld magnitude distribution from
the nanopillar to the waveguide assuming 0.9 μm of thickness.

gallium, arsenic, and phosphorus precursors, respectively.
More details about the growth can be found in ref 7.
Optical Spectroscopy. The 120 fs pump pulses from a
mode-locked Ti:sapphire laser (Coherent Mira, lpump1/4 750
nm, repetition rate 76 MHz) were delivered to the samples by a
100×, 0.7 numerical aperture (NA) objective (Mitutoyo NIR
HR). Nanopillar emission was collected by the same objective
and relayed to a spectrometer and LN2-cooled silicon chargecoupled device (Princeton Instruments SP2750 and Spec-10).
Filters were used to prevent pump light from reaching any
detectors and cameras. To achieve nanopillar laser oscillation at
sample-1, the temperature was held at 4 K by a continuous-ﬂow
liquid-helium cryostat (Oxford Instruments Hi-Res II).
Numerical Simulations. Cavity simulations are performed
using commercial FDTD simulation software (Lumerical) in
order to evaluate general aspects of the optical feedback
mechanism in nanopillars, as well as how eﬃciently light
emitted from there can be coupled to silicon waveguides. The
resonant mode is excited by positioning and aligning a single
dipole source at one of the peaks of the mode. The source is
pulsed and the time decay of the ﬁelds in the simulated
structure is numerically calculated. Fourier analysis of the time
decay reveals the frequency properties of the cavity and thus its
resonances. Perfectly matched layers were introduced at the all
boundaries. The calculation domain size is 7.00 × 7.00 × 13.00
μm3 and the spatial resolution is 5 nm. A mode resonating at
1.30 μm (around the emission peak collected from PL in Figure
5e) is identiﬁed during the simulations and ﬁgures of merit like
quality factor and coupling eﬃciency are numerically calculated
when the thickness of a slab waveguide varies.

Figure 5. (a) SEM image from 30° tilted view of an upright nanopillar
on top (and at center) of two crossing silicon waveguides. (b) Near
ﬁeld from μ-PL showing spontaneous emission from the nanopillar
been coupled to the four waveguide outputs: S1, S2, S3, and S4. (c)
SEM from the top view of a slanted pillar on top (and at center) of
two crossing silicon waveguides. (d) Near ﬁeld from μ-PL showing
spontaneous emission from the nanopillar been coupled to the four
waveguide outputs: S1, S2, S3, and S4. (e) μ-PL intensities of the device
emitting light at the silicon transparent spectrum under excitation with
20 μW of total power, which is spread over the beamspot.
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grating couplers, and can be positioned at any location along an
integrated optical circuit in contrast to inverse tapers.
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