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Abstract: Low-temperature deposited polycrystalline silicon waveguides are emerging as a
flexible platform that allows for dense optoelectronic integration. Here, the optical transmission
properties of poly-silicon waveguides have been characterized from the near-to-mid-infrared
wavelength regime, extending the optical transmission well beyond previous reports in the
telecom band. The poly-Si waveguides with a dimension of 3 µm×∼0.6 µm have been produced
from pre-patterned amorphous silicon waveguides that are post-processed through laser melting,
reflowing, and crystallization using a highly localized laser induced heat treatment at a wavelength
of 532 nm. Low optical transmission losses (<3 dB cm−1) have been observed at 1.55 µm as well
as across the wavelength range of 2−2.25 µm, aided by the relatively large waveguide heights that
are enabled by the deposition process. The results demonstrate the suitability of low-temperature
poly-silicon waveguides to find wide ranging applications within integrated mid-infrared systems.
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1. Introduction

Silicon photonics is fast becoming an established platform for the development of high perfor-
mance, high density optical circuits that have the potential to be integrated with silicon electronic
layers [1–3]. Using traditional silicon-on-insulator (SOI) substrates and CMOS processing
technologies, an extensive range of integrated photonic devices with outstanding performance
metrics have been realized [4–6]. Although single crystal silicon platforms offer low losses and
excellent electronic properties, they present several challenges when considering integration
with electronic layers, as well as for the development of space saving 3D photonic circuits [7,8].
Alternatively, polycrystalline silicon (poly-Si) materials that can be deposited at low temperatures
are emerging as a complementary platform that offer much more flexibility in terms of multi-layer
integration, but yet still preserve key features of the single crystalline materials such as good
electron mobility and power stability when compared to amorphous material [9–11]. Provided
the polycrystalline materials can be produced with grain sizes that are approaching typical device
lengths, the optoelectronic properties can be comparable to their SOI counterparts, allowing for
the development of high quality passive and active poly-Si devices [12].

As of to date, a variety of techniques have been applied to post-process the low temperature
deposited poly-Si waveguides to increase the grain size and thus reduce the optical losses down
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to practical levels, including thermal annealing [13] and laser heat treatments [9]. Most recently,
we have reported the production of poly-Si waveguides by post-processing low temperature
deposited amorphous waveguides with a continuous wave (CW) laser to obtain transmission
losses as low as 4 dB cm−1 [14], which are close to the loss values of c-Si waveguides with similar
dimensions. Despite the promising progress that has been made in poly-Si material development,
so far all of the attention has focused on the characterization and application of the devices in
the near-infrared region, primarily over the telecommunications bands [10,14]. However, if the
operation window can be extended to longer mid-infrared wavelengths (>2 µm), the application
potential for the poly-Si waveguides will reach into new areas such as bio-chemical sensing,
spectroscopy and free-space communications [15–17].

In this work, we investigate the fabrication and characterization of CW laser processed poly-Si
waveguides for application at wavelengths >2 µm. The poly-Si waveguides are produced from pre-
patterned amorphous silicon waveguides, followed by laser melting, reflowing, and crystallization
through localized CW laser processing at a wavelength of 532 nm. Raman measurements
have been used to confirm the crystallization of the waveguides, with good crystallinity being
reported along the lengths. Wavelength dependent loss measurements show that the losses of the
waveguides remain low (<3 dB cm−1) from 1.55 µm up to 2.25 µm, indicating that the reshaping
of the surface is advantageous for supporting propagation over the longer wavelength regions.
We expect these results to open up new opportunities for the flexible integration of poly-Si
waveguides into high performance systems operating from the near to mid-infrared spectral
regions.

2. Fabrication of polysilicon waveguide

Polycrystalline silicon (poly-Si) waveguides are fabricated in two principal steps. The first step
includes the fabrication of amorphous silicon waveguides using chemical vapour deposition
(CVD) and electron beam (e-beam) lithography techniques. The second step includes the
post-process laser reflowing of the previously fabricated amorphous silicon waveguides using a
high power CW laser. The two above mentioned steps will be discussed briefly in the following
sections.

2.1. Fabrication process of amorphous silicon waveguide

In this work, a hot-wire CVD (HWCVD) process was used to deposit a 400 nm thick amorphous
silicon (a-Si) layer on a 5 µm thick optically isolating SiO2 buried-oxide layer using a silane
(SiH4) precursor. The buried oxide layer was grown by wet thermal oxidation on the top of a
1 mm thick crystalline silicon (c-Si) wafer in the initial stage [18]. The HWCVD process was
chosen over other low-pressure and plasma enhanced CVD techniques due to the fact that it
allows us to deposit a-Si, with low hydrogen concentration, at a substrate temperature as low as
230◦C to produce CMOS compatible devices [19–22]. Minimizing the hydrogen content through
the adjustment of gas pressure is important as it helps to eliminate any possibility of violent
out-diffusion during the laser post-processing. Using a pressure of 0.01 mbar and silane gas
flow of 40 sccm, the a-Si layer was deposited at a rate of 0.69 nm s−1. After the deposition was
performed, e-beam lithography and inductively-coupled plasma reactive ion etching (ICP-RIE)
were used to pattern the 400 nm thick a-Si thin film into straight waveguides with a width of 3 µm
as shown in Fig. 1. Waveguide widths as large as 3 µm were chosen as they are well suited to
confining longer wavelength light for mid-infrared transmission, as explained in Section 2.2.

2.2. Post-process laser reflowing of amorphous silicon waveguide

This section describes the laser processing of the pre-patterned a-Si waveguides, reported in our
previous works [12,14]. The schematic of the experimental setup used for laser processing is
demonstrated in Fig. 2(a). For the laser source, we used a single frequency and highly stable green
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Fig. 1. Schematic of a-Si waveguide after patterning. The thickness of c-Si, SiO2 and a-Si
are 1 mm, 5 µm, and 400 nm, respectively.

fiber laser (IPG-GLR-10W) emitting continuous-wave (CW) radiation at 532 nm with a maximum
power of 10 W. Pre-patterning of the a-Si waveguides reduces the laser processing area and
enables confinement of the thermal energy during the process of laser melting and crystallization
[12]. Therefore, it allows us to use a CW laser source for processing of these waveguides without
overheating the substrate, which helps to improve the stability of the processing when compared
to pulsed laser sources that have been more typically applied to large area crystallization [9,23].
Furthermore, the localized heating technique reduces the overall thermal budget of fabrication
process and increases the grain growth by promoting directional solidification and liquid phase
crystallization from the trailing edge of the continuously moving molten zone during the complete
melting of the a-Si wire.
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Fig. 2. (a) Schematic of the experimental setup for laser processing of a-Si waveguides.
PH, pinhole; HWP, half-wave plate; PBS, polarization beam splitter; BD, beam dump; DM,
dichroic mirror; M, mirror; BS, beam splitter; MO, microscope objective; MMF, multimode
fiber; FC, fiber collimator; NF, notch filter; TL, tube lens. SEM image of (b) a-Si waveguide
with a width of 3 µm and a height of 400 nm, before laser processing and (c) poly-Si
waveguide with a width of 3 µm and an apex height of ∼ 600 nm, after laser processing. The
processing parameters were 285 mW of incident power at a scanning speed of 0.1 mm s−1

The output power of the linearly polarized laser was initially fixed at its minimum value of
500 mW. A combination of half-wave plate and a polarization beam splitter was used after the
laser to further reduce and adjust its power to the range of 10 − 295 mW, which was measured
at the sample plane after the focusing microscope objective. The 10× microscope objective
(NA= 0.3) focused the 1 mm laser beam on the top surface of the sample to produce a laser spot
with a diameter of 13.5 µm, which was sufficient to cover the entire surface of our 3 µm wide
a-Si waveguides. The sample waveguide chip was mounted with a vacuum holder on a software
controlled two-axis (X/Y) high precision stage (Aerotech, ABL-1500) and the microscope
objective was mounted on a high-precision z-axis stage. A broadband light source was coupled
with the laser beam using a fiber collimator and dichroic mirror (transmits at the laser wavelength)
to illuminate the sample surface. The reflected light from the sample surface was then used
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to image the sample surface on a CCD camera through a 92 : 8 beam splliter and a tube lens.
The adjustability of the tube lens ensured the independent movement of the laser focus and
imaging focus. A notch filter before the tube lens was used to protect the CCD camera from laser
light. The real-time imaging of our sample surface not only helped us with initial alignment and
focusing of the laser beam but also allowed us to detect the partial melting or ablation of the
material during laser processing of the waveguides.

Laser processing was performed by moving the sample-stage linearly at a constant speed to
scan the 13.5 µm laser spot from one end to the other end of our 2-cm long a-Si waveguides. At
first, several sections of a test waveguide were processed using parameters such as scan speed
ranging from 0.1 mm s−1 to 1 mm s−1 and laser power ranging from 270 mW to 350 mW. The
optimum parameters were determined after investigating both the surface and crystalline quality
of the test waveguide sections using microscopy and Raman spectroscopy. Finally, the rest of the
a-Si waveguides were processed with an incident optical power of 285 mW and a scan speed of
0.1 mm s−1 as shown in the scanning electron microscope images in Figs. 2(b),(c). During the
laser processing, localized heating induced material reflow and surface tension reshaping of the
molten silicon transforms the cross-section of the waveguide into a parabolic shape from its initial
rectangular shape (see Fig. 2(c)). This cross-section reshaping introduced two changes in the
poly-Si waveguide that are beneficial for mid-infrared waveguiding. Firstly, it helps to improve the
surface quality of the waveguide, reducing the surface roughness down to 0.5 nm [12,14], which
is important to reduce scattering losses at the longer wavelengths that interact more strongly with
the boundaries. Secondly, the poly-Si waveguide height increases to ∼ 600 nm from its initial
height of 400 nm (confirmed by atomic force microscopy measurement, reported in our previous
work [14]), which is better for confining the longer wavelength light. However, due to the higher
poly-Si material density compared to a-Si, the overall cross-sectional area of the waveguide was
slightly reduced, but this was compensated for by the large initial waveguide widths. Although
the scan speeds employed in our processing are too slow for mass production, these could be
increased by using higher power laser systems and ensuring that the energy transfer remains
below the material damage threshold [12]. The flexibility of the processing also means that
fabrication of poly-Si waveguides with larger or smaller dimensions, e.g., widths down to 500 nm
for single-mode operation in the telecom band, can be fabricated. This opens a potential route to
fabricate complicated structures like micro-ring resonators and Mach-Zehnder interferometers
with a limitation in the separation distance of two adjacent components to few tens of nanometer.

3. Material characterization of polysilicon waveguide

A Raman spectrometer (Renishaw Invia) was used to investigate the crystalline quality of our
laser-processed poly-Si waveguides before and after laser processing. A 532 nm Nd:YAG laser
was used as the source and focused to a spot diameter of 1 µm on our waveguide sample with the
help of a 50× microscope objective (NA= 0.75). The measurement was taken in the backscattered
mode by collecting Raman photons using a silicon diffraction grating of 2400 lines/mm with a
precision of 0.12 cm−1 at low laser power to prevent the penetration of focused laser beam into
c-Si substrate. Figure 3(a) shows the measured normalized Raman spectra of the unprocessed
a-Si waveguide (black) and a laser-processed poly-Si waveguide (red). The as-deposited layer
displays a Raman spectrum consisting of several peaks, which are typical for a-Si with a broad
peak centered at 480 cm−1. On the other hand, the Raman spectrum of the poly-Si waveguide has
a sharp Raman peak centered at 518.6 cm−1, which is shifted to the left from the characteristic
Raman peak centered at 520.6 cm−1 of an external reference c-Si, as shown in Fig. 3(b). This
shift in the Raman peak in our poly-Si waveguide towards lower frequencies is caused by residual
tensile stress present in the material after laser processing [24]. It is noted that the Raman output
from the waveguide cannot be directly compared with the reference c-Si value since the measured
peaks are a convolution of spectrometer’s Gaussian profile and the Lorentzian profile of the
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materials. Therefore, in Fig. 3(b), the c-Si reference peak was first fit using a Voigt function
to account for the Gaussian broadening induced by the spectrometer optics and the Lorentzian
material line shape with a linewidth of Γ0 = 2.7 cm−1. The Lorentzian line shape of the poly-Si
waveguide was then deconvolved from the experimental data. The linewidth of the Raman
peak of our poly-Si waveguide was found to be Γ = 3.1 ± 0.1 cm−1. We attribute the slightly
larger linewidth when compared to the c-Si peak due to residual tensile strain in the waveguides
associated with the melting and reshaping [25], as previous X-ray diffraction measurements
have revealed that the crystal grain sizes in these waveguides are larger than the laser spot used
for the Raman spectroscopy [12]. However, both the Raman peak position and the linewidth
remained remarkably consistent when scanned along the length (variations much less than 1%),
indicating that the crystallinity and strain remained uniform within the waveguides due to the
thermal steady-state ensured through our constant scan speeds and stable laser power during the
processing.

Fig. 3. Material characterization of a-Si and poly-Si waveguides using Raman spectroscopy.
(a) The black and the red curve represent the Raman spectra of a-Si and poly-Si waveguides,
respectively. (b) Comparison between poly-Si (red) and c-Si (green) Raman peaks. The
Raman peak of the poly-Si waveguide is shifted and broadened slightly compare to the
characteristic c-Si due to the residual tensile stresses after laser processing.

4. Wavelength dependent linear propagation loss in polysilicon waveguide

The principal motivation behind this work was the minimization of optical losses in our poly-Si
waveguide. The characterization of the linear propagation loss in the poly-Si waveguide from the
near-to-mid-infrared was carried out using the cut-back method by measuring the total losses at
different lengths of the waveguide at a constant light injection condition. A schematic of the
experimental setup used for the optical characterization is presented in Fig. 4. Two different light
sources were used to cover the wavelength range. The first was a diode laser (Anritsu) emitting
CW radiation at 1550 nm, delivered by a single mode fiber (SMF), with a maximum output power
of 100 mW. The second was a free-space delivered single frequency Cr2+:ZnS/Se laser (IPG
Photonics) tunable from 2− 2.5 µm with a maximum output power of 3 W. The ZnS/Se laser was
coupled into a 1 m long multimode fiber patch cable (Thorlabs, M43L01, 105 µm core diameter)
and a variable attenuator was added in between to reduce the high power of the laser. Both facets
of our 3 µm × ∼ 0.6 µm poly-Si waveguide were prepared by cleaving them with a ruby blade
and inspected with a microscope for roughness and cleanliness. The sample waveguide chip was
then placed on a 3-axis high-precision stage (Thorlabs, NanoMax-TS). TM polarized laser light
was coupled into the waveguide using a 60× microscope objective (NA= 0.85) and waveguide
alignment and light injection to the waveguide were monitored from the top using a home-built
camera system consisting of an infrared (IR) camera (MicronViewer 7290A) with a sensitivity up
to 1550 nm, attached to a Nikon microscope. The reason behind the fiberization of the ZnS/Se
laser was to match the input light injection condition with the diode laser that helped us with
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waveguide alignment and light injection to the waveguide from ZnS/Se laser. It was achieved by
first aligning the waveguide with diode laser using the 1550 nm camera and then replacing the
diode laser with ZnS/Se laser while keeping the same waveguide alignment. The output light
from the waveguide was collected using a 25× microscope objective (NA= 0.5) and imaged
on an another IR camera (MicronViewer 7290A) with an extended sensitivity up to 2.25 µm to
investigate the mode profile. The collimated light from the collecting objective was then spatially
filtered using a pinhole to isolate the mode and eliminate the scattered light as well as any light
guided in the silica substrate. By carefully monitoring the input and output coupling using the IR
camera with extended sensitivity, efficient coupling into the fundamental mode was achieved
with both lasers, as can be seen from the far field image at 1.55 µm in Fig. 5(a) and at 2 µm in
Fig. 5(b). Figures 5(c),(d) presents the calculated TM electric field amplitude for the fundamental
mode of the waveguide at the wavelengths of 1.55 µm and 2 µm, respectively. The output power
of the waveguide was measured after the pinhole with a power meter (Thorlabs, S140C).
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Fig. 4. Schematic of the experimental setup for characterization of the optical losses in
the laser-processed poly-Si waveguides. MO, microscope objective; MMFC, multimode
fiber connector; SMFC, singlemode fiber connector; M, mirror; BS, beam splitter; HWP,
half-wave plate; PM, power meter.

Fig. 5. Mode profiles of a poly-Si waveguide with a width of 3 µm and a height of ∼ 600 nm.
Experimentally obtained far field image at the output facet of the waveguide at (a) 1.55 µm and
(b) 2 µm, taken using an IR camera. Calculated electric field amplitude for the fundamental
TM mode at (c) 1.55 µm and (d) 2 µm.The effective refractive indices for the fundamental
TM mode at 1550 nm and 2000 nm are 3.271 and 3.155, respectively.

Finally, cut-back measurements were performed by cleaving the waveguide sample at two
different lengths from the output facet end (keeping the input facet intact). The transmission was
recorded as a function of waveguide length using a 1550 nm laser, while ensuring an approximate
consistent coupling condition at each measurement step by obtaining a similar cleave quality, with
minimum roughness of the output surface, at the different waveguide lengths. Significantly, due
to the parabolic cross section of the waveguides, and the high width-to-height aspect ratio, the TE
and TM polarized modes have different propagation characteristics, so that the light propagation
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is polarization-dependent. As the TM mode was found to have a lower propagation loss compared
to the TE mode, our propagation loss measurements focused on the TM mode. The measurement
results are shown in Fig. 6(a), where the total optical loss includes coupling losses at the front
and end facets and propagation loss. The total coupling loss is 32.6 ± 0.5 dB, calculated from
the y-intercept of the linear fits to the data. Lower coupling loss could be achieved by further
minimizing the roughness of the cleaved surface and achieving better matching of the mode size
and position at the input facet. The propagation loss for the TM mode as calculated from the
slope of the transmission data for the 3 µm poly-Si waveguide was found to be 2.4 ± 0.1 dB cm−1

at 1.55 µm. The error in the propagation loss was determined from the linear fit to the total loss
data. The error in coupling loss is calculated from the uncertainty in the y-axis intercept. This
propagation loss represents a significant reduction over our previous report of 4 dB cm−1 in the
telecom band, which we attribute to further improvement of the stability of the setup that allowed
us to work with lower powers and slower processing speeds [14]. Following this observation,
further cut-back measurements were performed using the tunable ZnS/Se laser and the coupling
loss and propagation loss were found to be 35.65 ± 1 dB and 2.9 ± 0.24 dB cm−1, respectively,
at 2.15 µm, as calculated from Fig. 6(b). Figure 6(c) then shows the wavelength dependent
propagation loss measured by tuning the ZnS/Se laser wavelength from 2 − 2.25 µm, where
the upper wavelength was only limited by the sensitivity of our IR camera used for optimum
coupling into the fundamental mode. The propagation loss of our poly-Si waveguide stays below
3 dB cm−1 in the telecom band as well as in the 2 − 2.25 µm region, indicating the potential
of low temperature produced poly-Si waveguides to find use in applications ranging from the
near-to-mid-IR regime. Moreover, thanks to the flexibility of the deposition process, it would be
straightforward to fabricate poly-Si waveguides with larger vertical dimensions to extend the low
loss transmission over even longer wavelengths.

Fig. 6. Linear loss measurement of a poly-Si waveguide with a width of 3 µm. Cut-back
measurements for (a) 1.55 µm and (b) 2.15 µm laser sources, revealing propagation losses of
2.4 dB cm−1 and 2.9 dB cm−1, respectively. (c) Propagation loss as a function of wavelength.
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5. Conclusion

In conclusion, we have reported a promising method to fabricate high crystalline quality
polycrystalline silicon waveguides suitable for application across the near-to-mid-infrared
regimes. The waveguides were produced using deposition temperatures of only 230◦C, followed
by a localized laser heat treatment, making them compatible with CMOS fabrication processing.
Transmission losses below 3 dB cm−1 were obtained at 1.55 µm as well as across the wavelength
range of 2 − 2.25 µm, which we attribute to the high quality polycrystallinity and very smooth
surfaces enabled by the melting and reshaping of the waveguides during the laser processing. The
results indicate that polycrystalline silicon waveguides could find numerous applications for the
development of integrated optoelectronic systems with extended operation into the mid-infrared
wavelength range.
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