In-fiber Silicon Microspheres
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Abstract: We have proposed and demonstrated an approach to fabricate integrated in-fiber silicon
microspheres, which have nearly atomically smooth surface roughness ~0.16 nm. The hybrid

structure forms a cavity with high temperature sensitivity ~ 80 pm/°C.
OCIS codes: (230.3120) Integrated optics devices; (160.6000) Semiconductor Materials.

1. Introduction

Silicon photonics has developed rapidly over the last decade and many devices have been successfully realized such
as photodetectors, optical modulators, filters, switches and microresonators. Recently, silicon microspheres have
become one of the key functional blocks and received significant attention for wide ranging applications, spanning
photonics, biology and green energy [1-2]. The fabrication of high quality silicon microspheres and their integration
into devices are significantly important for photonics applications. Different approaches have been developed to
fabricate silicon microspheres such as the chemical vapor deposition [3], solidification of molten silicon [4], laser
heating of silicon particles in a liquid medium [5], and laser reformation of silicon [6]. These approaches have
produced silicon microspheres with different sizes and functionalities. However, each isolated silicon microsphere
produced by these methods is not convenient to be integrated for optoelectronics applications. Unlike silica
microspheres which could be melted and integrated at the end of optical fibers, these silicon microspheres are
generally attached to an optical fiber stem by ultraviolet glue, which is not reliable. Furthermore, coupling light in
and out through the microspheres also requires very precise positioning and alignment [7]. A new approach to
produce high quality silicon microspheres that are easily integrated with standard fibers is required to advance their
photonic applications.

Silicon optical fibers (SOFs) [8] represent a new field of silicon photonics and have recently been used as a
precursor for the fabrication of silicon microspheres. The microspheres are typically fabricated by tapering the
SOFs, which produces a series of spheres with micro-scale gaps, rendering each sphere difficult to isolate and
integrate for photonic devices [2]. By melting a silicon micro-rod etched from a SOF [9], Lin et al. demonstrated a
silicon microsphere at the end of the SOF, however, the microsphere fabricated by the CO, laser melting process in
air will be partly oxidized which may decrease its quality. Here we propose and demonstrate a unique arc discharge
reshaping approach to fabricate and integrate in-fiber silicon microspheres. Our approach not only simplifies the
fabrication and integration of individual silicon microspheres, but also produces spheres with improved surface
quality, roughness values up to 0.16 nm, which is close to an atomically smooth surface. We have also characterized
the properties of these silicon microspheres and will discuss their potential applications.

2. Fabrication

The SOFs were fabricated by a thermal drawing procedure [8], as shown in Fig. 1(a). Using these SOFs we
developed a new approach to fabricate in-fiber silicon microspheres with a fusion splicer (Fig. 1(b)). As the melting
point of silicon (1414 °C) is much lower than that of silica, a temperature range exists where the silicon will be
molten whilst the silica is only softened, which can be controlled via the energy of arc discharge. If the heating
energy is high enough, the molten silicon cylinder will finally break into a sphere to reduce surface energy. Here we
could slow down the break-up process and continue reshaping the silicon core by repeated arc discharge method
[10] as shown in Fig. 2(a-d), which corresponds to arc discharges 5 times, 7 times, 8 times and 10 times,
respectively, using an Ericson splicer with optimized parameters.

To integrate an in-fiber silicon microsphere at the top of a conventional single mode fiber (SMF), we have
developed a 3 step approach. Firstly, a SOF with a polycrystalline core was spliced to a SMF to avoid overheating.
Then the SOF was cleaved using a CO, laser so that only a short section of the SOF remains attached to the end of
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the SMF (Fig. 2(e)). Finally the SOF segment was carefully heated by repeated arc discharges to produce the
microsphere. During the process, the melted silicon cylindrical-core forms a microsphere and becomes entirely
surrounded by the silica cladding. The silicon microsphere diameter in Fig. 2(f) is 27.3 um.
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Fig. 1 Schematic images. (a) A silicon-in-silica perform is thermally drawn into a SOF, the inset is the optical micrograph of a SOF cross-
section with 9.5 um diameter core (scale bar, 50 um). (b) The SOF being heated by arc discharges of a fusion splicer.
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Fig. 2 Optical images of the silicon core melting process with repeated arc discharges (a, b, ¢, d) (scale bar, 100 um ). (e) The SOF (left) was
spliced to the SMF and cleaved. (f) The silicon microsphere in silica was integrated at the top of the SMF (scale bar, 100 um).

3. Characterization and applications

The reshaped silicon microsphere in Fig. 2(b) was etched using hydrofluoric acid and cleaned as shown in Fig. 3(a).
A Zemetrics ZeScope three-dimensional optical profiler was used to measure the surface of the etched cylinder
silicon core and the reshaped silicon microsphere part. We found that the roughness of the cylinder silicon core
which was produced by thermal drawing is ~0.5 nm (Fig. 3(b)). However, the surface roughness of the reshaped
silicon microsphere is ~0.16 nm (Fig. 3(c)). We believe that the re-melting silicon which is cladded by softened
silica using our repeated arc discharge approach has improved its surface roughness. The microsphere produced in
this way has a nearly atomically smooth surface and is naturally supported by the SOF, which will benefit
whispering gallery mode applications of pure silicon microspheres.
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Fig. 3 (a) An etched silicon microsphere at the top of an etched silicon micro-rod (scale bar, 100 um). (b) Surface roughness of the
etched silicon micro-rod and (c) surface roughness of the etched silicon microsphere.
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To characterize the temperature response of the in-fiber microsphere in Fig. 2(f), we used a reflective set-up
similar to that in Ref. [11]. Fig. 4(a) shows the measured spectrum, with a high interference fringe visibility of ~25
dB. The fringe spacing of 12.1 nm matches the silicon micro-cavity length. Fig. 4 (b) shows the temperature
dependence of the resonant wavelength dips over the range 30-120 °C, and measurements have been conducted up
to 750 °C without damage to the device. From the temperature tuning we can determine that the sensitivity is ~80
pm/°C, which is ~40 times more sensitive than the air-gap microcavity approach [11]. Thus the integrated silicon
microspheres at the top of the SMF could act as miniature temperature sensors with high sensitivity and wide
measurement range.
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Fig. 4 (a) The interference fringes of the silicon microsphere. (b) The wavelength dip of the interference fringe at 1532nm is shifted with the
increase of the temperature from 30°C to 120°C with a step of 5°C.

4. Conclusions

In conclusion, we have proposed and demonstrated a new approach to fabricate and integrate silicon microspheres
into conventional SMFs. Our approach has improved the surface quality of re-shaped silicon microspheres up to a
nearly atomically smooth surface of ~0.16 nm. The integrated hybrid silicon microsphere cavity is sensitive to the
temperature variation. This in-fiber crystalline silicon microsphere represents a new fiber-based ultracompact
microsphere platform, and the high quality integrated silicon microspheres could offer opportunities in minimized
fiber sensing devices and whispering gallery mode related applications.
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