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Abstract: We present a new platform based on suspended III-V semiconductor nanopillars
for direct integration of optoelectronic devices on a silicon substrate. Nanopillars grown in
core-shell mode with InGaAs/InP quantum wells can support long-wavelength Fabry-Pérot
resonances at room temperature with this novel configuration. Experimental results are
demonstrated at a silicon-transparent wavelength of 1460 nm, facilitating integration with
silicon platform.
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1. Introduction
Silicon platform has been the dominant backbone for integrated microelectronic circuits and
complementary metal-oxide-semiconductor (CMOS) technology is the engine responsible for
its adoption by the microelectronics industry. However, having an indirect bandgap, silicon
suffers from a grave disadvantage for implementing efficient optoelectronic devices. Direct
bandgap III-V compound materials are well known for the superior performance in optical
processes. The monolithic integration of both platforms, such as III-V compound
semiconductors onto silicon, not only allows ultra-compact optoelectronic devices, but also
combines the advantages of both materials in just one platform. Mismatches of lattice
constants and thermal expansion coefficients of materials are main obstacles that limit
heteroepitaxial growth of thin films. The approach of growing heterostructures in nanopillars
and nanowires can substantially alleviate the effects of these mismatches. Recently,
semiconductor nanopillars and nanowires have been shown as ultra-compact building blocks
for photonic, electronic, and optoelectronic integration to the silicon platform [1–10]. This
monolithic approach has also the potential to decrease the cost of manufacturing.
In this manuscript, we start from the aforementioned monolithic integration approach
when a non-native substrate is used, and we explore a new platform, inspired by suspended
devices [11–13], applied to nanophotonics. As an example, we demonstrate a novel way of
obtaining Fabry-Pérot (FP) modes and potentially lasing in nanopillars in long wavelength
operating at room temperature, and without mechanically transferring them onto another
substrate [14,15].
2. Materials and methods
A perspective view of the proposed platform is shown in a schematic in Fig. 1. Such a
platform can be obtained by performing selective etching to remove the substrate underneath
the nanopillar in order to increase the index contrast for the resonant modes from the
nanopillar; increasing by consequence its quality factor, Q, as well as, reducing the losses
down through the substrate. A structure composed by oxide is used to hold the nanopillar
above the etched region of the Si substrate.
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Fig. 1. Generic scheme of the proposed platform.

A core-shell configuration of InP with 3 InGaAs quantum wells (QWs) was used to
evaluate this new approach of active suspended structures. InP nanopillars are grown on
<111> silicon wafer by an Emcore D75; a metal-organic chemical vapor deposition
(MOCVD) reactor. The growth was catalyst free and started with an InP core, followed by
InGaAs QWs layers [16] spaced by InP spacer and covered by an InP layer at 455 °C. This
approach was used because InP nanopillar monolithically grown on silicon can act as a
template for long wavelength emission. More details of the growth process can be found in
[17]. In this growth, nanopillars have a core-shell configuration, and the thickness of each
layer is nearly linearly scalable with the growth time. For the actual sample, InP core and
cladding were designed to assume 400 nm and 75 nm of radii, respectively. The InGaAs QWs
were designed to have 5 nm of thickness, spaced by 5 nm of InP layers.
Figure 2(a) shows a scanning electron microscopy (SEM) image from as-grown InP
nanopillar sample with multiple InGaAs QWs onto Si. Top inset depicts a cross-section from
the III-V compound semiconductors arranged in core-shell configuration grown on top of the
silicon substrate. Figure 2(b) shows the micro-photoluminescence (µ-PL) spectra, at 5 K,
when the power from the laser pump operating at λp = 660 nm ranges from 100 to 1000 µW.
Spontaneous emission has a central wavelenth at λ0 = 1460 nm. Because the low index
contrast between the III-V nanopillar and the silicon substrate the reflection at that interface
was not enough to support FP modes, specially at room temperature. That effect is even more
pronounced in nanopillars or nanowires grown on native substrates. Therefore a common way
of exciting FP modes in nanopillars/nanowires is by removing them from the growth substrate
and transfering them to another one in order to obtain high index contrast at two very ending
faces of the nanopillar/nanowire [14,15].
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Fig. 2. (a) SEM image from nanopillars grown on top of <111> Si substrate. Inset at top-right
depicts the core-shell configuration. (b) PL dependence from input power at 5 K.

Since a non-native substrate was used to grow such nanopillars we can take advantage of
it by using a selective etching in order to obtain structures similar to that on depicted in Fig. 1.
The layout mask of those geometries to be etched on Si, were transferred to the sample by
using e-beam lithography. After developing the e-beam resist (PMMA), the exposed SiO2
geometries were wet-etched by using buffered oxide etch (BOE) to expose the Si surface.
Finally, a gas mixture of SF6 and O2 was applied in a reactive ion etching (RIE) plasma in
order to etch portion of silicon underneath and nearby the nanopillar positions.
3. Results and discussion
Figure 3(a) shows a sketch of a structure where the nanopillar is suspended by oxide with a
geometry similar to a trampoline. Figure 3(b) shows a 60° angle tilted SEM image from one
of those fabricated structures. It can be seen that the nanopillar is partially covered by SiO2
(only the top facet is open), and suspended by a trampoline made of SiO2. Figure 3(c)
highlights that silicon was completely removed underneath the nanopillar. Those geometries
were obtained by over-etching silicon along the geometry defined by the SiO2 mask. The final
SiO2 membrane had about 100 nm of thickness (estimated from the etching time), and the
depth of the Si etched is about 3.8 µm (measured by 3-D laser confocal microscope) after
processing the sample.

Fig. 3. (a) Sketch from a nanopillar suspended by a SiO2 membrane, and isolated from the Si
substrate. SEM image of 60° of tilted view from suspended structures assuming geometries of
trampoline (b) and bridge (c).
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Optical characterization of those structures was peformed by µ-PL and using CW 980 nm
pump laser at room temperature (295 K). Power sweep of the spontaneous emissions from the
structure shown in Fig. 3(b) is shown in Fig. 4(a). The reflection coefficient of the nanopillar
is expected to increase after having a silicon portion etched underneath its bottom since the
index contrast between nanopillar and air is higher than nanopillar and silicon. In fact,
periodic variations in the intensity can be noticed in the spectrum which indicate longitudinal
FP modes are oscilating in the cavity. FP modes excited in the nanopillar can be enhanced
because of the high index contrast in its very bottom. The mode spacing, Δλ, of FP cavities is
given by [18]:
∆λ =

λ2

(1)

 dn  
2L n − λ 

 d λ 

where L is the cavity length, n is the refractive index, dn/dλ is the first-order dispersion of
the refractive index, and ng = n- λdn/dλ is the group refractive index. This equation provides a
good description from the cavity once the mode spacing observed from the spontaneous
emission [shown in Fig. 4(a)] can be related to the cavity length (measured from SEM) in
order to unplug the group refractive index. In Fig. 4(a) the FP modes present an average of Δλ
= 24 nm and full-width half maximum (FWHM) of λ = 24 nm. Figure 4(b) shows the
espontaneous emission measured at 5 K, when the FP modes are even more evident.
The Q of the cavity can be defined as a ratio between the mode wavelength and mode
width (λ/Δλ) [19]. From our measurements the FP modes were estimated to have low Qs in
the range of 60-80. Once it is known that Q is related to cavity loss, the Q can be further
optimized by growing longer cavities [14]; which can be obtained by increasing the
nanopillar growth time [17]. Also by reducing mirror losses; which were reduced in the very
bottom of the nanopillar after applying the process proposed here. Although a larger Q is
required to achieve laser, the results clearly show the improvements in the reflections in the
very bottom of the cavity which enhanced the FP modes at room temperature without
damaging the active material. Another approach would be add more QWs in order to increase
the material gain. The proposed process can benefit nanopillar lasers, as laser threshold can be
decreased when the cavity Q will be increased.
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Fig. 4. Optical characterization of the proposed suspended structures. (a) Power sweeping
during PL measurements at room temperature (295 K) and under CW 980 nm of laser pump.
(b) PL measurements at 5 K under CW 660nm of laser pump. (c) Calculated group refractive
index. (d). TRPL from a InP nanopillar before and after etching Si by using SF6 plus O2 RIE
plasma.

Figure 4(c) shows the group refractive index calculated from Eq. (1), which assumes an
average value of about 3.9 along the amplified spontaneous emission spectra. This high group
index indicates that the FP modes are very well confined. A pulsed optical pumping (120 fs
Ti:sapphire) operating at λp = 750 nm was used to perform time- resolved photoluminescence
(TRPL) measurements before and after the etching process in InP nanopillars in order to
evaluate its robustness against etching. According to the results showing in Fig. 4(d) the
plasma composed by SF6 plus O2 did not affect the optical quality from intrinsic InP
nanopillars. It is also important to mention that, once InP is resistant to that plasma mixture,
when eventually the SiO2 covering the top region of the nanopillar gets etched, its exposure
would not affect the crystal quality of the nanopillar.
Figure 5(a) shows the PL spectra for the proposed structures. The central wavelength of
emission is the same even for nanopillars assuming different lengths; that fact demonstrates
the uniformity of the core-shell mode growth. Also, the mode space experiences some
variations as outlined in Fig. 5(b). A linear behavior relating the mode space and the inverse
of the pillar lengths could be noticed from those measurements which is in strong accordance
to the Eq. (1).
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Fig. 5. (a) µ-PL spectra measured at 5 K from the three single nanopillars with different
lengths at pump power of 500 μW. (b). Inverse length of the nanopillars versus mode spacing
variation shows a linear dependence.

4. Conclusion
In conclusion, we demonstrate a feasible way of creating long-wavelength FP cavity in
nanopillars at room and low temperatures. The fabrication process takes advantage of growth
of nanopillars on non-native substrate, and applies selective etching in order to remove a
specific region from the substrate without compromising the material quality of the
nanopillar. This leads to an increasing of the reflectivity of the very bottom mirror; which by
consequence allows the structure to enhance FP modes. Those FP modes can be obtained at
not only low temperature, but also room temperature without using any mechanical process,
and without damaging the nanopillars. This new platform can be used, for example, for sensor
applications, as a source of light or an optical coupler for polymer-based optical waveguides
[20], as well as, a novel platform for optomechanics based on nanopillars/nanowires [21,22].
Finally, although nanopillars were used like an example, the proposal can also be extended to
nanowires.
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